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INTRODUCTION 

 
Cultivation and fertilizer use can affect climate in many ways. A change to an 

agricultural ecosystem can change its primary productivity, and hence change the 
amount of carbon sequestered in soils and biomass. Agricultural cultivation, along with 
the use of fertilizer, affects nitrogen and carbon dynamics in soil and groundwater, and 
thereby changes fluxes of N2O, CH4, CO2, and other gases that affect climate.  Nitrogen 
can leach away from the site of application and fertilize plants, and thereby sequester 
carbon, in non-agricultural ecosystems.  

Our analysis attempts to account for many of the affects of cultivation and 
fertilizer use on climate, albeit in some instances only crudely. The method is similar to 
that recommended by the IPCC (1997) in its guidelines for estimating national 
greenhouse-gas emissions inventories. We pay special attention to the addition and fate 
of nitrogen (N) fertilizer, because it is involved in so many GHG-producing pathways.  

We consider the impact of changing, cultivating, and fertilizing crops, and of 
nitrogen deposition, on four direct and indirect GHGs: CO2, CH4, N2O, and NOx. The 
formal method is presented in the main report, to which this Appendix is attached. In 
this Appendix, we present data pertinent to the following impacts:  

 
•   N2O from the use of N fertilizer, at the site of N application 
•   N2O from atmospheric deposition of N, at the site of N deposition 
•   Leaching and erosion losses of fertilizer-N or deposited N off the site of 

application or deposition 
•   N2O from leached N, off the site of N application or deposition 
•   NOx and NH3 emissions related to the use of nitrogen fertilizerf 
•    Carbon oxidation and sequestration in soils related to nitrogen inputs 
•   CH4 from soil 
•   CO2 sequestration in soil and biomass 
 
 

NITROGEN EMISSIONS RELATED TO N FERTILIZATION 
 

N2O from the use of N fertilizer, at the site of N application 
 Generally, a small amount of the nitrogen in the fertilizer ends up being released 
to the atmosphere as N2O and NOx (the rest ends up in the crop, in the soil, in water, in 
microorganisms, or in the air as N2). The net amount of N2O and NOx released 
depends on many factors, including: the type of biomass being grown; the amount, 
type, depth, and frequency of application of fertilizer; the temperature, water content, 
and acidity of the soil; agricultural and harvesting practices; and others (Bowden et al., 
1991; Brumme and Beese, 1992; Williams et al., 1992; Eichner, 1990; Conrad et al., 1983; 
Anderson and Levine, 1987; Li et al., 1996, 1994; Groffman et al., 2000) 
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 N2O is produced from complex microbial nitrification,  denitrification, and 
decomposition processes in soils.  Increases in the amount of N added to the soil 
typically result in increased N2O emissions (William et al., 1992, p. 368). One study 
suggests a roughly linear relationship between N lost as N2O and N input, over a range 
of 0 to 600 kg of fertilizer N per hectare added to several different soil types (Velthof 
and Oenema, 1995).  Several studies have shown that typical values for the percentage 
of applied N that is emitted as N2O-N range from about 0.2% to 3%, for corn, barley, 
and wheat fields  in the U.S. and Europe, and that these emissions may represent 
increases of from a few to a few hundred percent above background levels (Mosier et 
al., 1986; Li et al., 1994; Velthof and Oenema, 1995) (Table C-1). N2O emissions are 
higher from saturated than from dryer soils, and peat soils and soils high in NO2 and 
CaCO3 content seem to have particularly high N2O emissions (Velthof and Oenema, 
1995; Bandibas et al., 1994). 

In general, researchers have a good understanding of many of the individual 
factors that regulate N2O production from soils, but they cannot yet predict how these 
factors will interact to produce reliable N2O emissions estimates for specific crop, soil, 
fertilizer, and management combinations (Mosier, 1994). Thus, the direct (i.e. the actual 
emission flux of N2O from the field) and even total emissions of N2O (including N2O 
lost off-site) from soil fertilization can in principle be quantified, but pending further 
study there will be significant uncertainty in estimates of both direct and indirect 
emissions. Groffman et al. (2000) come to a similar conclusion, suggesting that “there 
are indeed coherenet patterns in annual N2O flux at the ecosystem scale in forest, 
cropland, and rangeland ecosystems but that htese patterns  vary by region and emerge 
only with continuous (or at least daily) flux measurements over multiple years” (p. 
1061).  

In this section we present data on “direct” N2O emissions, at the site of 
application of N. In a later section we discuss N2O emissions from N that has leached 
off the site of application. 

N2O produced on site: agricultural crops.  Eichner (1990) and Mosier (1994) 
provided the earliest reviews and summaries of then-available data on N2O emissions 
from soils, including many studies of N2O emissions specifically from corn fields. (We 
mention corn specifically because it is the feedstock for bioethanol in the LEM.)  Their 
reviews show that from 0.3-2.1% of the fertilizer N applied to corn fields typically 
evolves to the atmosphere as N2O-N. (Matthews [1994] uses Eichner’s estimates in her 
calculation of N2O losses from global fertilizer use.) Averaging the results from the 
studies reviewed by Eichner  and Mosier reveals a 1.3% mean loss rate in both cases. 

Mosier et al. (1986) found that 1.5% of the fertilizer N applied to corn was lost as 
N2O-N (compared to 0.4% for barley), and cited an earlier study which estimated a 
1.3% loss rate (0.6% for barley). Anderson and Levine (1987) calculated that 1.2% of the 
fertilizer applied to a corn plot in April and May was lost as N in N2O in June, July, and 
August (the corn was harvested in September). Qian et al. (1997) report that studies of 
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N2O evolution from corn fields have found an N-N2O/N-fertilizer loss rate of 1.2 to 
2.%. Their own study, shown in Table C-1, found a loss rate of 1.0%. Xu et al. (1998)  
modeled gross emissions of N-N2O at 3% of N applied to corn, but their figures are not 
net of background or no-fertilizer emissions. The Dentrification-Decomposition 
(DNDC) model of Li et al. (1996) predicts that increasing the fertilizer application rate 
from 50 to 100 kg-N/ha/yr increases N2O emissions by 0.7 kg-N/ha/yr – an N-N2O/N-
fertilizer emission rate of 1.4% -- but that increasing the fertilizer application from 100 to 
200 kg-N/ha/yr increases N2O emissions by only 0.4 kg-N/ha/yr – an emisson rate of 
just 0.4%.  Table C-1 summarizes the results of these and other studies. 

The reviews by Eichner (1990) and Mosier (1994) and some of the other earlier 
studies indicate that the N2O evolution rate for corn is higher than the rate for grains 
and grasses, at least for soils predominantly composed of sands and clays (grasslands 
on peat soil can have relatively high emissions). Grass and grain fields typically emit 
about 0.2 – 1.5% of fertilizer nitrogen as N2O, compared to 0.3 – 2.1% for corn (Mosier, 
1994; Eichner, 1990). Eichner also found that total N2O emissions per acre from corn 
fields are on average almost four times higher than total emissions from soybean fields 
(Eichner, 1990).1  

However, other recent studies have found lower rates for corn then for othe 
crops. The N2O model of Mummey et al. (1998), which estimates N2O as a function of 
the soil’s texture, NH4+ and NO3- content, pH, N turnover, temperature, respiration, and 
water-filled pore space, predicts that conventionally tilled corn fields have lower total 
N2O emissions than do conventionally tilled fields of sorghum, soy, cotton, peanuts, 
tobacco, vegetable row crops, wheat, oats, rice, and barley (only sunflower fields have 
lower emissions). In their model the total N-N2O loss for corn is 1.9% of the applied 
fertilizer N, but it is  doubtful that all of the total emission is from fertilizer N. (See 
Parton et al. [1996] for a detailed description of the model.) 
 It is not clear, therefore, whether corn fields really do lose a greater percentage of 
fertilizer N as N2O than do other fields, and if they do, why. Groffman et al. (2000) 
review studies of N2O emissions from cropland through 2000, and conclude that 
differences in such things as soil type and freezing and thawing events may be 
important determinants of N2O emissions than crop type per se. It is possible that in the 
studies that found a high evolution rate for corn the high rate might be due to the type 
of fertilizer used2 or to a higher percentage of excess fertilizer N relative to that needed.  
 Kaiser et al. (1998) measured N2O emissions from fertilized wheat, barley, beet, 
and rape fields in Germany, and found that 1-8% of fertilizer N was emitted as N-N2O 

                                                 
1These are total emissions during the sample period, not just emissions attributable to fertilizer. Corn and 
soybean sites were not necessarily treated similarly, and emissions were not adjusted to reflect crop 
output. 
 
2Conrad et al. (1983) found that the application of nitrate usually resulted in lower N2O emission rates 
than did the application of ammonium.  
 



 4

(Table C-1). The percentage increased when the amount of fertilizer was 50% of the 
“normal” amount.  
 In a comprehensive review and analysis of the literature, Bouwman (1996) 
estimates that  the total annual direct agricultural field loss of N in N2O:  
 
  Loss = 1.00 + 0.0125 . N-application (kg N/ha/yr) 
 

 where:  
 
Loss = the total annual direct field loss of N in N2O (kg-N/ha/yr), for 

agricultural systems 
1.00 = the background emission level (kg-N/ha/yr)3 
0.0125 = kg of N-N2O evolved per kg of N fertilizer applied 
N-application = the nitrogen fertilizer application rate (kg-N/ha/yr) 

 
 This equation is a least squares fit (r2 = 0.8), based on 20 experiments, with 
measurements over a full year. Bouwman (1996) notes that the global applicability is 
uncertain. The loss estimate includes N sources from different mineral and organic 
fertilizers, and also includes N2O from several sources, including native soil N, N from 
recent atmospheric deposition, past years' fertilization, N from crop residues4, N2O 
from subsurface aquifers, and current N fertilization5. However, it does not include 
“indirect” losses from N that leaches off the field of fertilizer application (which we 
consider separately).   
 The IPCC (1996b, 1997) adopts Bouwman’s (1996) equation, for all field crops. 
However, the evidence reviewed here report indicates that the emission rate for corn is 

                                                 
3 The background emission of 1 kg N2O-N/ha/yr is based on only 5 experiments for unfertilized plots, 
with a range of -0.6 to +3.2 kg N2O-N ha/yr. However, the estimate is consistent with 33 measurements 
of control plots, covering over 100 days, with a measurement of 1.2+/- 1.1 kg N/ha/yr (Bouwman, 1996).  
 
4 Kaiser et al. (1998a) found that over a year the highest N2O emissions were associated not with the 
application of N fertilizer, but with the mineralization of N in crop residue.  
 
5Bouwman and Taylor (1996) modeled nitrous oxide fluxes for a global transport model and assumed, 
based on Bouwman et al. (1995), a fertilizer-induced emission for agricultural soils where 1.25% of 
synthetic N-fertilizer input is lost, with most occurring within the first few weeks of fertilizer application. 
They assumed that for growing periods shorter than 180 days, application of fertilizer was assumed to 
take place at the start of the season, and that 60% of N2O was lost in the first month, 20% in the second 
month, and the remaining 20% equally over the remaining 10 months of the year. For growing seasons of 
180 to 300 days, Bouwman and Taylor assumed a split fertilizer application and two growing seasons, 
with 80% of the emission as a constant flux over the growing season and the remaining 20% in equal 
portions over the rest of the year. For seasons of 300 to 365 days, emissions were assumed to be equal for 
the entire year.  
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higher than the emission rate for other crops, and that the emission rate for wood and 
grass is relatively low.  

It might be possible to reduce the rate of N2O emissions using less fertilizer, 
different fertilizers, or by adding compounds that inhibit nitrification to N2O. (See the 
sub-section on mitigation measures.) 
 N2O produced on site: woody biomass. Data on N2O emissions from fertilizer 
applied to woody-biomass systems are summarized in Table C-1. Bowden et al. (1991) 
note that N2O emissions from forest soils have been related positively to chronic high 
rates of atmospheric nitrogen deposition (e.g., N2O-N emissions can be 10% of added 
N), and to short-term additions of nitrogen (see also McKenney et al., 1984). To 
determine the relationship between nitrogen additions and N2O emissions, Bowden et 
al. (1991) added low (37 kg-N/ha/yr. in the first year, and 50 in the second) and high 
(120 kg-N/ha/yr. in the first year, and 150 in the second) amounts of NH4 and NO3 to 
30m  x 30m plots of pine and mixed-hardwood forests, and compared the N2O 
emissions with emissions from control plots with no added nitrogen. The difference 
between N emissions from control plots and fertilized plots indicated that in the 
hardwood forests only 0.02-0.1% of the added N was emitted as N in N2O, and in the 
pine forests, 0.03%-0.3%. Moreover, the differences between the control plots and the 
fertilized plots were not significant at the 5% confidence level. The authors conclude 
that low rates of net nitrification were responsible for the low N2O emissions. 

Hall and Matson (1999) measured N2O and NO emissions from N fertilizer  
added to N-limited and P-limited tropical soils, and found that in the P-limited soil 
(which already had N in excess), about 2% of the added N was lost as N2O, and 2% as 
NO. (In a calculation of emissions to the atmosphere, they assumed that 50% of the NO 
generated was recaptured by the forest canopy.) Matson et al. (1999) review the 
consequences of N deposition in tropical environments, and conclude that it is 
“probable that increasing deposition of anthropogenic N in tropical forest systems will 
result in increased fluxes of trace gases” (p. 76). They note that this is consistent with 
limited evidence that chronic N deposition causes increased emissions of NO and N2O 
from forest ecosystems.  
 Brumme and Beese (1992) applied 140 kg-N/ha/year (as NH4SO4) to a plot in a 
145-year-old Beech stand, from 1982 to 1988, and compared N2O emissions with 
emissions from an unfertilized (“control”) plot, and emissions from a plot that received 
a one-time treatment of lime 30 tonnes/ha in 1982. All plots receive 35 kg-N/ha/yr. 
from atmospheric deposition. The differences between the control plots and the 
fertilized plots indicated that anywhere from 0.2% to 3.3% of the applied nitrogen was 
emitted as N in N2O, with an average of 1.6%6. The relatively high emission rate may 

                                                 
6 The average increase in N2O was thus 140 . 0.016 . 1.57 = 3.52 kg-N2O/ha, where 1.57 is the ratio of the 
molecular weight of N2O to N2. 
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be due to the relatively high total rate of N application (175 kg-N/ha) saturating the site 
with N. 

In the Brumme and Beese (1992) experiments the fertilized plot also emitted 2200 
kg/ha more CO2 than the control plot -- a rate of 15.7 kg-CO2/kg-N-fertilizer applied. 
The limed (but not fertilized) plot emitted 6.44 kg/ha less N2O than did the control plot, 
but 3300-kg/ha more CO2. Assuming a CEF for N2O of 355, we can summarize the 
results of these experiments as follows:  
 
 Fertilized 

but not 
limed 

Limed but 
not 
fertilized 

1. Difference in N2O emissions vs. control plot (kg/ha) +3.52 -6.44 
2. Difference in CO2 emissions vs. control plot (kg/ha) +2200 +3300 
3. CO2-equivalent of difference in N2O emissions (kg/ha) 
(line 2 vqlue multiplied by CEF of 355) 

             
+1250 

             -
2290 

4. Total impact (2+3) +3450 +1010 
 

Matson et al. (1992) found a relatively small conversion to N-N2O of N in 
synthetic fertilizer applied in Douglas fir forests. Although fertilization strongly 
affected the overall soil nitrogen dynamics, on an annual-average basis only about 
0.35% of the N in added fertilizer was emitted as N in N2O.  

In a study of N deposition, methane oxidation, and N2O emissions in a moorland 
and upland spruce plantation in southern Scotland, MacDonald et al. (1997) found that 
the addition of 40 kg-N/ha increased N-N2O emissions from about 0.1 g/ha/d to 0.2 to 
0.7 g/ha/d. This implies an emission factor of 0.1% to 0.5%, assuming that the increase 
would last for a year.  

Castro et al. (1994) measured fluxes of N2O, CH4, and CO2 from unfertilized 
soils and soils fertilized with 180 kg-N/ha/yr (urea), in a mature slash pine plantation 
in Florida. The difference between the N2O emissions of the fertilized soils and the N2O 
emissions of the unfertilized soils implied a conversion rate of 0.6% to 3.5% g-N-
N2O/g-N-fertilizer. 

N2O produced on site: grass. Data on N2O emissions from fertilizer applied to 
grass ecosystems are summarized in Table C-1. Mosier et al. (1998) studied the effect of 
long-term and short-term N fertilization on Colorado shortgrass steppe. They found 
that N fertilization signficantly enhanced N2O emissions compared with emissions from 
an unfertilized plot, even as much as 14 years after fertilization stopped. Their results 
imply that fertilization stimulates N2O production at the rate of 0.5% g-N (N2O)/g-N-
fertilizer (Table C-1). In 1995/96 the difference between the previously fertilized plot 
and the native pasture had declined by about 25%. 

Jorgensen et al. (1997) estimated that the bio-energy crop Miscanthus 
“Giganteus” evolved at least 1.5% of the applied fertilizer N as N-N2O (Table C-1). 
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Kamman et al. (1998) found that the N-N2O rate ranged from 0.5% to 1.5% of applied N 
(based on the difference between fertilized and unfertilized plots; Table C-1).  

Dobbie and Smith (2003) found that emissions from intensively managed 
grasslands ranged from 1-3% of applied N (Table C-1). 

Smith et al. (1998) studied the effects of temperature, water content, and nitrogen 
fertilization on N2O emissions, and found that grazed grassland had higher N2O 
emissions than grassland cut for conservation, which in turn had higher emissions than 
cereal crops.  

Mummey et al. (1998) modeled N2O emissons in the U. S. as a function of a 
variety of soil and N parameters, and found that unfertilized CRP (Conservation 
Reserve Program) grassland had roughly half of the total N2O emissons of agricultural 
lands.  

Robertson (1991), faced with the paucity of data pertaining specifically to short-
rotation intensive cultivation (SRIC) systems, assumed the same emission rate as with 
fertilizer applied to agricultural soils. Our assumptions are shown below. 
 Note on N2O from biologically fixed nitrogen. Certain legumes, such as 
soybeans, get much of their N from fixation of atmospheric N rather than from 
application of synthetic fertilizer N. (For a general discussion of biological N fixation, 
see Vitousek et al. [2002].) This gives rise to a question critical to the analysis of lifecycle 
GHG emissions from fuels derived from N-fixing crops, such as soybeans: does 
biologically fixed N generate N2O at a rate similar to that for synthetic fertilizer N? If 
the answer is “yes,” then lifecycle GHG emissions turn out to be quite large, as shown 
in our main text.  
 A simple analysis of the process of N fixation indicates that N produced from 
biofixation should be made available to N2O-production pathways in much the same 
way that synthetic-fertilizer N is. Nitrogen fixation begins with the reduction of 
atmospheric N2 to NH4+ by specialized bacteria. In the case of soybeans, the fixation is 
the product of a symbiotic interaction between the plants and Rhizobium bacteria living 
in nodules on the roots of the soybean plant. The NH4+ produced by reduction of 
atmospheric N2 is a substrate that can be used in a series of ammonia assimilation 
pathways involving plant enzymes (Shantharam and Mattoo, 1997, p. 209) and which 
thereby may be incorporated into plant protein tissue.  However, the NH4+ produced 
by biofixation can be used by the N-fixing bacteria themselves, or may be used by 
neither plant nor bacteria and instead may accumulate in the soil7. NH4+ produced by 
biofixation and accumulated in the soil generally is subject to the same fate as synthetic 
NH4 fertilizer: it can be nitrificated to NO3-, which in turn can be taken up by plants 

                                                 
7 Alves et al. (2003) write that “one of the problems in computing N  balances [for soybeans] is that all 
root N is rarely taken into account since it is impossible to recover all fine roots as well as N exuded into the 
soil or derived from dying roots” (p. 7; emphasis and bracketed additions ours). They go on to note that non-
recoverable root N may account for 30-35% of total plant N. Similarly, Jensen and Hauggaard-Nielsen 
(2003) state that “it is well known that N2 fixing plants exude greater amounts of amino acids into the 
rhizosphere than non-legumes” (p. 178).  
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(most plants can use NO3 or NH4 for growth [Boddey et al., 2000, p. 248]), lost in 
groundwater, or denitrified to gaseous forms such as N2 and N2O. 
 Freney (1997) puts the matter succinctly:   

It appears that legumes may contribute to nitrous oxide emission in a number  of ways. 
Atmosperic nitrogen fixed by the legumes can be nitrifiedand denitrified in the same 
way as fertilizer nitrogen, thus providing a source of nitrous oxide. In addition, 
symbiotically living Rhizobia in root nodules are able to denitrify and produce nitrous 
oxide (p. 3).  

Similarly, Robertson et al. (2000) suggest that it is “high soil nitrogen availability” 
in general, rather than synthetic fertilizer N specifically, that causes high N2O 
emissions. In support of this propostion they note that their own field experiments 
found that an N-fixing crop system (alfalfa) that received no synthetic fertilizer 
produced as much N2O as did crop systems fertilized with synthetic N (p.1922). 

Because of this, the IPCC’s (1997; see also Mosier et al. [1998a]) recommended 
emission inventory methods assume that the N-N2O/N-fertilzer rate estimated for 
synthetic fertilizer N applies to biologically fixed N. We think that this is reasonable.  

Mitigation measures for N2O emissions from agriculture. N2O emissions are 
affected by the type, quantity, and timing of fertilizer application, soil tillage practices, 
the use of nitrification inhibitors, and other factors (Freney, 1997; Armstrong-Brown et 
al., 1995; Delgado and Mosier, 1996; Li et al., 1996; Cole et al., 1997; IPCC, 2001a). It is 
well established that optimal timing and application of N fertilizer can maximize N 
uptake by plants and minimize N losses (IPCC, 2001a; Freney, 1997; Cole et al., 1997; 
Armstrong-Brown et al., 1995; Isermann, 1990). For example, Bronson et al. (1992) found 
that the addition of nitrapyrin to urea fertilizer reduced cumulative N2O losses from 
irrigated corn fields by about 50%. Webster et al. (2002) note that ammonia-based 
fertilizers produce more N2O than do other fertilizers. Dobbie and Smith (2003) come to 
the same conclusions, finding that urea applied to intensive grasslands produces less 
N2O than does ammonium nitrate, and that nitrification inhibitors further cut emissions 
(Table C-1).    

Mosier and Schimel (1991) report that the application of nitrification inhibitors 
with urea fertilizer reduced N2O emissions from corn and wheat fields by 72% and 58% 
respectively, without any loss in productivity and measured over a 10 to 18 month time 
period. However, the authors note that this reduction occurred at the expense of soil 
CH4 uptake, which decreased by 50% in the case of the corn field and 78% in the case of 
the wheat field (Mosier and Schimel, 1991). By contrast, Delgado and Mosier (1996) 
found that the use of a nitrification inhibitor and a control-release fertilizer reduced 
N2O and N losses without signficantly affecting CH4 uptake.  

Certain conservation-tillage practices may increase N2O emissions, however. Xu 
et al. (1998) found that in the case of corn the adoption of no-tillage practices, widely 
advocated as a means of soil conservation, resulted in higher N2O emissions. They also 
found that irrigated corn had higher emissions than did non-irrigated corn, and that 
emissions increased with the quantity of fertilizer (Table C-1). Mummey et al. (1998) 
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also found that adopting no-tillage practices generally increased N2O emissions 
compared with conventional tillage, particularly in relatively dry areas: + 24% for corn, 
+7% for soy, +8% for cotton, +6% for vegetable row crops, +105% for sunflowers, +11% 
for oats, =11% for rice, and +10% for barley. Only sorghum (-37%), tobacco (-26%), and 
wheat (-4%) showed decreases with no-tillage. Mummey et al. (1998) cite other studies 
that had  similar results, and speculate that the higher N2O emissions from no-till 
agriculture are the result of higher soil moisture content and greater populations of 
N2O-producing bacteria8. Finally, Baggs et al. (2003) found that emissions of N2O were 
two to seven times higher from fertilised zero-till treatments than from fertilized 
conventional-till treatments. They speculated that this was due to anaerobic conditions 
and localized concentrations of NO3 under the mulch in zero-till treatments.   

How might these factors play out? In the first place, we note that there are 
significant barriers to the widespread adoption of “optimal” fertilizer management 
practices (IPCC, 2001a; Isermann, 1990). For example, it is not clear how famers can be 
induced or compelled to use nitrification inhibitors. Furthermore, Mosier et al. (2002) 
point out that studies have shown that “significant N losses through denitrification and 
leaching can be expected even at ‘optimal’ N application rates” (p. 493). Finally, it 
appears that no-till agriculture, which increasingly is being adopted for reasons of soil 
conservation, and irrigation, which may be used more widely as crops are pushed onto 
more marginal lands9, increase N2O emissions (Xu et al., 1998; Mummey et al., 1998).  

Considering this, we expect that the adoption of optimal fertilizer-management 
practices will slightly reduce N losses as as N2O, NO, and leached nitrate, but that in the 
case of N2O any such reduction in emissions will canceled by increases resulting from 
the use of no-till agriculture 

Our assumptions. On the basis of the data discussed above, we assume the 
following:  

                                                 
8 However, model simulations by Li et al. (1996) indicate that the use of no-till practices actually reduce 
N2O emissions dramatically, because of reduced rates of N mineralization, reduced potential for episodic 
wetting, and increased potential for low-oxygen conditions (p. 299). 
 
9 The percentage of total U. S. cropland that is irrigated has increased moderately over the past three 
decades: 1964  -- 8.5%, 1969 -- 8.5%, 1974 -- 9.4%, 1978 -- 11.1%, 1982 -- 11.0%, 1987 -- 10.5%, 1992 -- 11.4%, 
1997 -- 12.8% (National Agricultural Statistics Service, 1999).  
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    Corn Grass Wood Soy 

N-N2O/N-added, direct or "on-site" emissions, in 
base year 1990 (applies to synthetic fertilizer N, 
manure N, biologically fixed N, and crop-residue 
N) 

0.013 0.010 0.008 0.010 

annual percentage change in on-site N2O 
emission rate, from synthetic fertilizer N and 
manure N 

0.000 0.000 0.000 0.000 

annual percentage change in on-site N2O 
emission rate, from biologically fixed N and crop-
residue N 

0.000 0.000 0.000 0.000 

  
 We assume that more efficient use of synthetic fertilizer and manure will reduce 
N losses, both as N2O on-site and nitrate leached offsite, but that these practices will not 
affect biologically fixed N or crop residue N.  
 
N2O from atmospheric deposition of N, at the site of N deposition 

Ambient NOx eventually is deposited at the surface of the earth as nitrate (e.g., 
nitric acid, HNO3, or ammonium nitrate, NH4NO3) (U. S. Environmental Protection 
Agency [EPA] 1996; Erisman et al., 1998) . This deposited nitrate, like artificial nitrogen 
fertilizer, can nitrify or denitrify to produce N2O. According to Bowden et al. (1991), 
Brumme and Beese (1992), MacDonald et al. (1997), Butterbach-Bahl et al. (1997), and 
Ineson et al. (1997), there is indeed evidence of a strong relationship between chronic 
deposition of atmospheric nitrogen onto soils, nitrification, and increased N2O 
emissions.  

N2O from deposition onto soils.  The few available empirical studies suggest that 
approximately 1% of the nitrogen deposited onto soils is re-emitted as N in N2O. In a 
study of N deposition, methane oxidation, and N2O emissions in a moorland and 
upland spruce plantation in southern Scotland, MacDonald et al. (1997) found that 1% 
of the N deposited as nitrate was re-emitted as N in N2O. MacDonald et al. (1997) also 
cite a study in which 1.7% of the N deposited in an acid conifer forest in Norway was 
emitted as N in N2O, and another study in which 0.8% of the N deposited in a mixed 
woodland near a poultry farm in Scotland was emitted as N in N2O.  

Skiba et al. (1998) studied N2O and NO emissions from deposited N over a range 
of  soil conditions, from “pristine” (no excess N deposition above natural background 
rate) to those with long-term heavy nitrogen input. They found that:  

-- An initial threshold N deposition rate of at least 40 kg N/ha/yr is required to 
increase N2O above background values.  

-- Over all sites, an average of 0.76% of the excess N deposited was emitted as N 
in N2O. (Their measure is defined as the difference between measured N2O and N2O 
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given background N deposition divided by the difference between actual N input and 
background N input.) 

-- At sites exposed to excess N input over many years (as little as 10 kg N/ha/yr 
over background), 3% or more of the input N can be emitted as N in N2O.  

Li et al. (1996) used the Denitrification-Decomposition (DNDC) model to 
simulate the effects of various levels of atmospheric deposition on N2O emissions from 
a corn field in Iowa, holding constant all other parameters (precipitation, synthetic N 
input, temperature, soil characteristics, and more). N2O emissions were large, and 
increased nonlinearly with N deposition: an increase in deposition from 4.0 to 16.1 kg-
N/ha/yr was associated with an increase in N2O emissions of 0.9 kg-N/ha/yr – a 7% 
N-N2O/N-deposition rate -- and an increase in deposition from 161. to 32.1 kg-N/ha/yr 
was associated with an increase in N2O emissions of 2.3 kg-N/ha/yr – a 14% N-
N2O/N-deposition rate. These are very high simulated N2O emission rates, explainable 
perhaps by relatively high precipitation (about 40 inches) and high total N inputs 
resulting in N saturation. Li et al. (1996) acknowledge that these rates are high, and call 
for field studies to determine if nitrate from deposition really is converted to N2O at 
much higher rates than is fertilizer N (p. 299).   

Butterbach-Bahl et al. (1997) measured NO and N2O emissions from forest soils 
exposted to heavy levels of N deposition, and found that N2O-N emissions ranged from 
1.3 to 7% of N deposition (Table C-1). They concluded that the high N2O and NO 
emisson rates may be due to the high nitrogen inputs via atmospheric deposition (p. 
88). Similarly, Groffman et al. (2000) review several studies of N2O emissions from 
forest soils, and find that generally soils that are “saturated” in N have high N2O 
emissons: as much as 10% of deposited N can be emitted as N-N2O in forests subject to 
heavy deposition.  

Ineson et al. (1997) measured emissions of N2O from the forest floor of a 
coniferous plantation downwind from a pig farm, and concluded that substantial 
amounts of NH4 generated from the pig farm were being deposited on the forest floor, 
and that “a significant proportion of the deposited N was being re-released as N2O” (p. 
3329). The plantation received deposition of about 100 kg-N/ha/yr. (their Table 1), and 
generated N2O at an hourly rate corresponding to about 3 kg N2O-N/ha/yr. (their 
Table 2). This indicates that on the order of 3% of the deposited N was re-emitted as N-
N2O, a relatively high figure consistent with the very high levels of N deposition. 

Matson et al. (1999) report that “limited evience suggests that high levels of 
chronic N deposition cause increased N gas fluxes from temperate forest ecosystems,” 
and that “the few studies carried out in the tropics suggest that tropical soils have 
proportionally higher rates of gaseous losses of fertilizer N than do temperate zone 
systems” (p. 76). These statements are consistent with the notion that N losses are 
higher from non-N-limited systems than from N-limited systems, because temperate 
forests subject to chronic N deposition are no longer N-limited, and tropical forests 
generally are not N-limited (Matson et al., 1999).  

The preceding data imply a figure of 1% g-N-N2O/g-N-deposited. As a global 
average this seems broadly reasonable, in part because it is comparable to the N-
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N2O/N-fertilizer rate measured for crop systems. The IPCC’s (1997) revised guidelines 
for national GHG emissions inventory recommend assuming that 1% of the nitrogen in 
NOx or NH3 is returned to soils and then re-emitted as N2O (an assumption adopted 
by the U. S. EPA [1998] and the U. S. Energy Information Administration [1998]; see also 
Mosier et al. [1998a]). Before them, Robertson (1991) made a similar assumption.  

N2O from deposition onto aquatic systems.  Oceans also are a significant source 
of N2O (Dore et al., 1998; Kumar et al., 1995; Law and Owens, 1990). Some of the N in 
N2O emitted from oceans may come ultimately from N from atmospheric deposition: 
Karl et al. (2002) show that oceans produce N2O from NO3 and NO2 (see also Kim and 
Craig [1990] and Takeda et al. [1995])10 and Paerl states that “even remote oceanic 
waters of the mid-Pacific, Atlantic, and Indian Oceans receive detectable anthropogenic 
atmospheric N inputs” (p. 244; see also Paerl and Fogel [1994] p. 635), as NOX, which 
when dissolved in water become NO2 or NO3 – the anions that are the source of oceanic 
N2O. Falkowski (1997, p. 274) mentions a nonlinear climate model that includes the 
outgassing of N2O as a consequence of increasing denitrification (NO3 -->  N2) in the 
oceans.  

It thus seems reasonable to assume that some N in NOX deposits on oceans, and 
that that some of this deposited N is re-emitted as N in N2O.  

We have found two estimates of N2O emission rates from oceans specifically: 
Nixon et al. (1996) report an annual mass balance of total N for the Baltic Sea, in which 4 
mmol/m/yr. of N-N2O are produced from 217 mmol/m2/yr of N inputs from 
deposition, N fixation, rivers, and urban and industrial areas (p. 148). This is an 
emission rate of 2%. Galloway et al. (1995) estimate that pre-industrial oceans globally 
received 47 Tg N/yr. input and emitted 2 Tg N/yr. N-N2O, an emission rate of 4% (p. 
238).  However, Galloway et al. (1995) also estimated zero N-N2O emissions from 
oceans globally from anthropogenic N inputs to oceans.  

In a study reviewed below, Kroeze and Seitzinger (1998) estimate N-N2O fluxes 
from rivers carrying N from fertilizer, deposition, and other sources to be 3.9% to 5.5% 
of N input (see also Sietzinger and Kroeze [1998]). These rates presumably would apply 
to N directly deposited from the atmosphere onto lakes and rivers.   

Our assumptions: N2O emisson rates from deposited N.  In its representation of 
the impacts of atmospheric deposition of N, the LEM distinguishes N-limited from non-
N-limited ecosystems. Empirical studies, simulations, and theory suggest that gaseous 
and leaching losses of N are lower from N-limited than from non-N-limited ecosystems 
(Skiba et al, 1998; Matson et al., 1999; Dise et al., 1998; Williams et al., 1996; Li et al., 
1996), and lower from dry than from wet ecosystems. Considering this and the data 
presented above, we make the following assumptions (fraction of N deposited evolved 
as N-N2O):   

 
 N deposited onto ecosystem type: 

                                                 
10 Karl et al. (2002, p. 82) also state that oceanic production of N2O may be linked to dust deposition.  
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 freshwater marine arid or 
urban 

other 
terrestrial 

N-N2O/N-deposited 
(N-limited systems) 

0.004 0.004 0.001 0.003 

N-N2O/N-deposited 
(non-N-limited) 

0.055 0.035 0.004 0.030 

 
 Our assumptions:  N-limited versus non-N-limited area of each ecosystem. As 
indicated above, the LEM distinguishes N-limited from non-N-limited ecosystems. 
Therefore, for each type of ecosystem I specify the area that is N-limited, as a fraction of 
total global area of the ecosystem type. Because the areal fraction that is N-limited will 
change over time, I specify the N-limited fraction  for each ecosystem in 1990 and a 
parameter that determines the rate of change in the N-limited fraction over time 
(Appendix  D). In this section we discuss information in the literature pertinent to the 
specification of the N-limited fraction of each ecosystem type.  
 Temperate forests. It appears that most aquatic and terrestrial ecosystems in 
temperate regions of the global are N-limited, but that deposition and fertilization are 
saturating some areas and making then non-N-limited.   According to Vitousek et al. 
(1997), “it is clear that rates of plant production and of the accumulation of biomass in 
whole ecosystems are limited by N supply over much of Earth’s surface...particularly in 
temperate and boreal regions, and equally clear that  human activity has increased N 
deposition substantially over much of this area” (p. 740). However, temperate forests 
subject to chronic N deposition may no longer be N-limited (Matson et al., 1999; Asner 
et al., 1997). Davidson and Kingerlee (1997) guess that about 10% of temperate forests 
are “N-affected,” by which they mean no longer N-limited.  

Tropical forests. By contrast, relatively few tropical forests are N-limited. 
Generally, humid tropical forests have excess N, and are limited in growth by 
phosphorous (P) rather than N (Asner et al., 2001; Hall and Matson, 1999; Matson et al., 
1999). In experiments with N additions to tropical soils in Hawaii, Hall and Matson 
(1999) found that a P-limited forest soil (characteristic of most topical ecosystems) lost 
more of the added N as N2O and NO than did an N-limited forest soil. They suggest 
that tropical forests may not retain as much anthropogenic N as do forests in northern 
latitudes. Matson et al. (1999) review the consequences of N deposition in tropical 
environments, and conclude that “unlike the temperate zone, where increasing N 
deposition may cause at least a transient increase in carbon storage, we suggest that 
higher inputs to moist tropical systems may lead to lower productivity and reduced 
carbon storage” (p. 73-74) [emphasis in original].  
 Agriculture. Agricultural lands generally are not N-limited because of the high N 
fertilizer input they receive.  
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 Aquatic ecosystems. The IPCC (2001) states that “in practice” the availability of 
nitrate limits the productivity of the oceans (p. 198)11 (see also, Isermann, 1990, p. 256).  
Paerl and Fogel (1994) write that “accelerating atmospheric N inputs to coastal waters 
may be linked to enhanced primary production in coastal waters, because production in 
these waters is frequently N limited and hence sensitive to N enrichment” (p. 635). 
Galloway et al. (1996) state that “atmospheric N deposition to the open ocean has 
increased and may increase the productivity of the surface ocean” (p. 3).  
 However, coastal areas receiving substantial N inputs from rivers and deposition 
may already be N saturated. Over a decade ago Isermann (1990) noted that actual N 
inputs to the Baltic and North Seas significantly exceeded “maximum long term 
tolerable loads” (p. 262).  Similarly, Howarth et al. (1996) note that estuaries in the 
North Atlantic may be either N or P-limited. 
 Finally, Hessen et al. (1997) suggest that most freshwater systems are P-limited 
or both P- and N-limited (p. 319). 
 My assumptions. Given this information, I assume the following N-limited areal 
fractions in 1990, by type of ecosystem:  
 
Tropical 
Forest 

Temp. 
Forest Grassland Ag. Arid Urban Lakes 

Rivers/ 
Coasts Marine 

0.15 0.85 0.50 0.10 0.85 0.50 0.50 0.50 0.95 
 
Leaching and erosion losses of fertilizer-N or deposited N off the site of application 
or deposition 

The preceding subsections pertain to grams of N evolved as N2O per gram N of 
fertilizer or deposition on site. However, a significant fraction of N from fertilizers or 
atmospheric deposition can leach or erode off of the site of application or deposition 
and be transported by surface or groundwater to other terrestrial or aquatic ecosystems 
(Hessen et al., 1997), where it can undergo nitrification or denitrification to N2O. In 
general, whatever N is not used by plants on site or released to the atmosphere is 
converted in the soil to nitrate, which is soluble in water and can easily leach to the 
water table (Nolan et al., 1997, p. 2229). Smil (1999) notes that the nature of ground 
cover is the most important determinant of leaching, and thus that leaching rom freshly 
plowed bare soil is higher than leaching from row crops which is higher than leaching 
from legume-grass mixtures which have roots that can take up a lot of N (p. 655).  

The LEM treats synthetic fertilizer N leached or eroded from agricultural fields 
(corn, soy, grass, or wood), and N from atmospheric deposition leached or eroded from 
and to a range of ecosystems. In the case of N leached or eroded from ecosystems 
subject to atmospheric deposition, the LEM explicitly represents the loss of N as part of 
                                                 
11 In support of this, Takeda et al. (1995) find that iron, nitrogen and other major nutrients “co-limit” 
phytoplankon production during the monsoon season in the northwest Indian Ocean. Falkowski (1997) 
proposes that on geologic timescales, nitrogen limits primary productivity in the oceans (p. 272). 
 



 15

a closed (balanced) representation of the fate of all added nitrogen in all 
ecosystems.This subsection discusses data pertinent to the representation of the 
magnitude and fate of N leaching and erosion loss from synthetic N used in agriculture 
and from atmospheric N deposited onto ecosystems. The subsequent subsection 
discusses the rate of N2O evolution from N leached or eroded off the site of application. 
Most of the studies discussed in this subsection are summarized in Table C-2. 
 Breitenbeck (1990; in Greene and Salt, 1993) estimates that 5-30% of fertilizer N 
reaches aquifers, resulting in 1.3-2.7 Tg N2O /yr globally. Paustian et al. (1990) made a 
complete carbon and nitrogen budget for fertilized and unfertilized barley plots, and 
found that about 10% of the applied fertilizer N was lost by leaching. However, they 
found essentially no leaching from a fertilized grass ley plot, or from a nitrogen-fixing 
lucerne ley. Sanderson et al. (1996) report that erosion rates from switchgrass fields are 
only 1% of the rates from corn fields, and that erosion rates from SRIC plantations are 
10% of the rate from corn fields. (For a general discussion of soil erosion and the global 
C budget, see Lal [2003].) 

Perlack et al. (1992) review the literature on emissions of agricultural chemical 
and estimate the fate of N fertilizer applied to energy-crop systems (%) 
 
Energy crop: Groundwater Runoff Air Plant uptake Erosion 
Sorghum 15 10 15 50 10 
Perennials 5 5 10 75 5 
Trees 5 5 10 75 5 
 

The IPCC’s (1997) most recent guidelines for estimating national GHG emission 
inventories suggest that 30% of the applied fertilizer N leaches offsite (see also Mosier et 
al. [1998a]).  

Smil (1999) presents a careful and largely original accounting of global flows of N 
in crop production. As shown in the subsection on NO and NH3 emissions of this 
appendix, he estimates that leaching losses of N are 10% of inputs to crop production, 
and erosion losses 12%.   
 Janzen et al. (2003) perform a complete accounting of the fate of N inputs to 
Canadian agroecosystems. They assume that N leaching losses are 10% of synthetic-N, 
manure-N, atmospheric-N, and crop-residue-N inputs (p. 92). 
 Dise et al. (1998) evaluated the relationship between the C:N ratio of soil and 
nitrate leaching in runoff water from 33 coniferous forests across Europe. They found 
that at low levels of N deposition (less than 10 kg-N/ha), nitrate leaching was low 
regardless of the C:N ratio of the soil. However, at deposition levels above 10 kg-N/ha, 
nitrate leaching increases with increasing deposition and with decreasing C:N ratio. 
(Gundersen et al. [1998] have a similar finding.) This implies that the more nitrogen a 
site receives and the more nitrogen-saturated it becomes, the greater the leaching losses 
of N.   
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 Fenn et al. (1998) also show data indicating  that as N loading increases, leaching 
losses increase and the C:N ratio in the soil and biomass uptake by plants decrease. 
They report N deposition, biomass N increment, N leaching, and soil C:N ratio for three 
coniferous forests in the U. S. (their Table 3):  
 
 Washington New York N. Carolina 
N deposition (kg-N/ha/yr.) 2.0 15.9 27.1 
Biomass N increment (kg-N/ha/yr.) 3.6 10.8 1.8 
N leaching (kg-N/ha/yr. [% of dep.]) 0.1 [5%] 3.0 [19%] 20.7 [76%] 
soil C:N 33 20 9 
 
 Jaworski e al. (1997) estimated the relationship between total N inputs on the 
landscape and riverine export of N  for 10 watersheds in the Northeast United States. 
They estimatedthe following average inputs and flows of total N in the 10 watersheds 
(kg-total-N/km2/yr):  
 
 • deposition of atmospheric N:  744 
 • river export of deposited N:  430 
 • fertilizer N input: 766 
 • feed and food N input: 975 
 • biotically fixed N: 843 
 • river export of “agricultural” N: 209 
  
 Their estimates thus are that 57% of deposited N ended up in the rivers, but that 
only 8 – 27% of “agricultural” inputs ended up in rivers, depending on what is counted 
as an “agricultural” input (i.e., fertilizer only, or fertilizer, feed and food, and biotically 
fixed N?).  Jaworski et al. (1997) did not determine to what extent each of the thre 
potential agricultural inputs contributed to the estimated river export of “agricultural” 
N, but they did imply that biotically fixed N might not be exported to rivers at all (p. 
2002). If only fertilizer N leached to rivers, then 27% leached to rivers; if only fertilizer 
plus feed and food N leached, then 12% leached to rivers, and if fertilizer, feed and 
food, and biotically fixed N leached, then 8% leached to rivers. Alternatively, if 5% of 
biotically fixed N and feed and food N leached to rivers, then 15% of fertilizer N 
leached to rivers.  
 Jaworski et al. (1997) also imply that the Chesapeake Watersheds Model has 
export coefficients for fertilizer N in the range of 9-15%.  
 Steinheimer et al. (1998, 1998a) measured nitrate losses from a fertilized 
agricultural field in Iowa. They estimated the fate of applied fertilizer N and 
atmospheric deposition N as follows: 50% in grain, 19% loss by erosion (2%), drainage 
(1%) or runoff (16%), and 31% lost in gaseous forms or incorporated into the soil.  
 Isermann (1990) estimates agricultural inputs of N and leaching, drainage, and 
surface-runoff losses of N from agriculture in four European countries: 
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 input loss loss %  

Netherlands 465 126 27% erosion losses not included 
Denmark 220 80 36%  
Switzerland 218 14 6% drainage losses not included  
Germany 218 50 23%  
 

Galloway et al. (1996) summarize estimates of the nitrogen fluxes for the 
watershed, estuary, shelf, and open ocean in the North Atlantic Ocean region. Of the 
fertilizer, combustion, and legume N-fixation inputs of N to temperate watersheds, 23% 
was discharged in rivers, 10% was incorporated into food and feed (net exports, 
apparently), less than 3% was stored in groundwater, less than 23% was stored in 
forests, and at least 40% was denitrified and stored in wetlands, streams, and rivers.   

The summary of Galloway et al. (1996) is based mainly on the work of Howarth 
et al. (1996) . Howarth et al. (1996) did not count sewage and animal wastes as 
anthropgoenic N fluxes into regions because they represent a recycling of N within a 
region (p. 86). Their work indicates that on average 25% of the net anthropogenic N 
input to the North Atlantic watersheds is expored in rivers. Howarth et al. (1996, p. 105) 
cite two other studies that indicate a 20% export rate.  

Howarth et al. (1996) also estimate leaching losses of fertilizer N specifically, as a 
function of the type of soil and crop land:  

 
 grasslands crop lands 
sandy soil 10 – 50% 25 – 80% 
clay soil 3 – 10% 10 – 40% 

 
With these leaching rates, and data on types of soil and land uses, they estimate 

that  fertilizer-N leaching from agricultural soils is about 35% of net N fertilizer use in 
Europe and 22% in the U. S.  

Howarth et al. (1996) note that export of deposited N from forests depends 
greatly on the extent to which the forest is becoming N saturated. Similarly, in their 
model of global N deposition and associated C sequestration, Holland et al. (1997) 
assume that 20% of added N is lost from non-N-saturated ecosystems, and 20% plus an 
additional fraction of N deposition in N-saturated ecosystems (p. 15857).  

Finally, Kroeze and Seitzinger (K&S) (1998) modeled N inputs to rivers and 
estuaries and related N2O emissions, worldwide in 1990 and 2050. Their global model 
results are:  
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Parameter 1990 2050 Comments 

fertilizer N input to watersheds (Tg-
N/yr) 

73.6 181.7  

atmospheric NOY deposition  input to 
watersheds (Tg-N/yr) 

22.5 38.5 doesn’t include N 
deposition directly onto 
continental shelves (K&S, 
1998, p. 199, 207) 

point source (sewage) dissolved 
inorganic nitrogen input (DIN) to 
watersheds (Tg-N/yr) 

7.2 14.3  

total anthropogenic inputs (Tg-N/yr) 103.3 234.5 sum of above 

total DIN export by rivers (Tg-N/yr) 20.8 47.2 K & S estimate 

total N export by rivers (Tg-N/yr) 34.7 78.7 our estimate based on K&S 
assumption that DIN is 
60% of total N export 

natural DIN export by rivers (Tg-N/yr) 5 5  

total anthropogenic N export by rivers 
(Tg-N/yr) 

29.7 73.7 assumes no natural non-
DIN N export 

anthropogenic N river export as a % of 
total anthropogenic N input 

29% 31%  

 
Thus, the modeling results of Kroeze and Seitzinger (1998) indicate that about 

30% of anthropogenic N input from fertilizer and deposition leaches off of fields into 
aquatic systems. This is consistent with the IPCC’s (1997) recommendation. However, 
the results of K & S also are consistent with an assumption that 55 – 60% of N 
deposition input, 80% of sewage N input, and 15 – 20% of fertilizer N input leaches to 
rivers. These latter assumptions are consistent with the findings of Jaworski et al. (1997).  

N losses from crop residues and N-fixing plants. As mentioned above, the IPCC’s 
(1997) most recent guidelines for estimating national GHG emission inventories suggest 
that 30% of the applied fertilizer N leaches offsite (see also Mosier et al. [1998a]). The 
IPCC (1997) applies this off-site loss factor only to synthetic-fertilizer and animal-
manure N, apparently on the assumption that no biologically fixed or crop-residue N is 
lost offiste. Although it seems reasonable to assume that biologically fixed N and crop-
residue N is less likely to leach off site than is synthetic-fertilizer N, it does not seem 
likely that no fixed or crop-residue N is lost at all. Biological fixation converts N2 to 
NH4+, which in turn can be nitrified to nitrate, which is highly soluble in water. N 
bound in decomposing organic matter may be susceptible to leaching. As discussed 
next, several sources indicate that leaching losses of N from residues and N-fixing 
plants, while perhaps lower than losses from synthetic fertilizer, are not zero. 
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Kroeze and Seitzinger (1998) note that some of the export of dissolved inorganic 
nitrogen to rivers may come from biologically fixed nitrogen (p. 200). Janzen et al. 
(2003) assume that 10% of crop-residue-N (but 0% of biologically fixed N) leaches off 
fields. Jensen and Hauggaard-Nielsen (2003) state that N losses from the use of crop 
residue and biofixing plants are less than from the synthetic fertilizer, but not zero; they 
cite estimates of 10-15% N loss from crop residues versus 30-35% N loss from synthetic 
fertilizers. They also note that “managing nitrate leaching may become inreasingly 
difficult with N2 fxing crops, due to crop residues of high N concentration” (p. 182).  
Smil (2002) states that “the losses of the element [N] fixed by symbiotic bacteria and 
bound in organic matter are lower” (p. 129) than are the losses from fertlizer N (but not 
zero). Silgram et al. (2001) conclude that the validity of the IPCC assumptions regarding 
N loss are not valid because “the ability of legumes to fix atmospheric N..will not 
preclude the leaching of..nitrate derived from the mineralisation of soil organic matter 
and crop residues” (p. 193). And Bockman (1997) actually suggests that N from residue 
is more susceptible to leaching than is N from synthetic fertilizer (p. 13).  

Our assumptions. The data presented above indicate a global average loss rate 
for all types of N and all ecosystems in the range of 20-30%, but that some distinctions 
by ecosystem and type of input can be made:  

 
• losses are lower from N-limited systems than from non-N-limited systems 

(e.g., Holland et al., 1997); 
• losses of synthetic fertilizer N are lower than are losses of deposition-N;  
• losses of biofixed-N and crop-residue N are lower than are losses of synthetic 

fertilizer N (see discussion above);  
• losses are much lower from grass and wood systems than from row crops 

(Paustian et al, 1990; Sanderson et al, 1996; Perlack et al., 1992; Howarth et al., 1996).   
 
 We also note that better management of N inputs, which is attractive for a 

number of reasons, will tend to reduce leaching losses over time, albeit probably 
modestly (see the discussion in the subsection on N2O emission rates).  

On the basis of these conlusions and the data presented above and summarized 
in Table C-2, we assume the following for N leaching losses:  

 
    Corn Grass Wood Soy 

N lost offsite through erosoin, drainage or runoff, 
fraction of fertilizer or manure N applied, in base 
year 1990 

0.250 0.10 0.10 0.200 

N lost offsite through erosion, drainage or runoff, 
fraction of crop-residue N, in base year 1990 

0.100 0.050 0.050 0.070 

N lost offsite through erosion, drainage or runoff, 
fraction of biologically fixed N, in base year 1990 

0.050 0.050 0.050 0.050 
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annual percentage change in N leaching-loss rate, 
for synthetic fertilizer N and manure N 

-0.500 -0.500 -0.500 -0.500 

annual percentage change N leaching-loss rate, 
for biologically fixed N and crop-residue N 

0.000 0.000 0.000 0.000 

 
 Losses of atmospherically deposited N by ecosystem are discussed in Appendix 
D.  
 
N2O from leached N, off the site of N application or deposition 

 The rate of N2O evolution from N leached off site may be different from the rate 
from N applied or deposited on-site, because leached N generally is in a different form 
(nitrate) and media (water) then is most on-site N.  

Early estimates of the off-site N2O evolution rate were based on very little data. 
To account for N2O emissions off-site and after the on-site sampling period,  Eichner 
(1990) and the IPCC (1990) double the measured, on-site N2O emissions. Eichner's 
doubling essentially is a guess; the IPCC's is based on two studies: Ronen et al. (1988) 
and Conrad et al. (1983). Data in Ronen et al. (1988) indicate that as, an upper limit, 
emissions of N2O from the drainage of fertilized land could be twice as high the 
average emission rate measured for corn. The authors do not say what the typical 
situation would be. Conrad et al. (1983) cite one study of the leaching of nitrogen 
fertilizer into groundwater, and another showing that groundwater may be 
supersaturated with N2O, and then guess that the N2O emission from groundwater 
containing leached nitrogen fertilizer may be equal to the measured field losses.  Data 
in Bowden and Bormann (1986) not reviewed in the 1990 IPCC report roughly support 
an assumption off-site rate equals the on-site rate: they found that, as a result of clear-
cutting a forest, the increase in N2O emissions from the degassing of water was similar 
to the measured increase in N2O emission from diffusion from soil. They note that the 
transport of N2O by soil water and subsequent degassing, as a result of fertilization and 
irrigation, have not been well quantified, and could be a significant source of N2O.  
 A 1990 study by Minami and Ohsawa (1990) also generally supports the IPCC’s 
early assumption that the off-site N2O evolution rate equals the on-site rate. 
Measurements of N2O fluxes from drainage ditches in Japan showed that following a 
heavy fertilizer application of 500 kg N ha-1 yr-1 on an agricultural field, the flux at a 
point 30 meters from the field was more than double the measured soil flux, on a per 
surface area basis, and that at a point 450 meters from the field the flux was about 70% 
of the soil flux (Table C-3). This suggests that drainage systems are a significant source 
of additional N2O emissions from fertilizer application. However, because the results 
are expressed in terms of flux per unit area, it is difficult to compare the estimates 
directly without knowing the ratio of drainage ditch surface area to field surface area 
for a given drainage ditch length.  



 21

 Isermann (1994) reports that Boller (1980) and Bouwman (1989) conclude that 2-
3% of nitrogen introduced into agricultural land is lost as N2O -N, including both direct 
losses to the atmosphere and losses from drainage zones and aquifers. 
 Nevison et al. (1996) conclude that the percentage of leached N from agricultural 
fields that becomes N2O can only be narrowed down to two orders of magnitude, from 
0.05% to 5%, based on uncertainties in the fate of leached N. The percentage of 
denitrified N that is released as N2O is on the order of 5-15%, but in stream and river 
bottom sediments, the N2O yield is only 0.1%-0.4%, rising to 6% in relatively polluted 
sediments. They suggest that little is known about the percentage yield in the water 
column, where some denitrification may also occur. 

The IPCC (1996b) reviewed much of the literature available through 1996 
(including some of the studies cited here), and concluded that the “indirect”  emission 
of N2O from ground water is about 0.75% of the applied N fertilizer. However, the 
IPCC’s (1997) most recent guidelines for estimating national GHG emission inventories 
suggest that 2.5% of the offsite N is emitted as N in N2O:1.5% in groundwater and 
surface runoff, 0.75% in rivers, and 0.25% in coastal areas (see also Mosier et al., 1998a).  

Finally, as mentioned in the preceding section, Kroeze and Seitzinger (K&S) 
(1998) modeled N inputs to rivers and estuaries and related N2O emissions, worldwide 
in 1990 and 2050. Their global model results for N2O emissions are:  

 
Parameter 1990 2050 Comments 

total anthropogenic N export by rivers 
(Tg-N/yr) 

29.7 73.7 assumes no natural non-
DIN N export 

total N2O emissions from rivers and 
estuaries (Tg-N/yr) 

1.27 4.19  

anthropogenic fraction of N2O emissions 
from rivers and estuaries  

90% 96% K&S say “over 95%” for 
2050 (p. 207) 

anthropogenic N2O from rivers and 
estuaries (Tg-N/yr) 

1.14 4.02  

anthropogenic N2O from continental 
shelves (Tg-N/yr) 

0.02 0.06 50% of river DIN export 
goes to shelves, 0.3% of this 
goes to N2O (p. 199, 203, 
207) 

total anthropogenic N2O from all aquatic 
systems (Tg-N/yr) 

1.16 4.08  

anthropogenic aquatic N2O as a % of 
anthropogenic N river export 

3.9% 5.5%  

 
Thus, the modeling results of Kroeze and Seitzinger (1998) indicate that 4-5% of 

the leached N evolves as N in N2O, the amount increasing as systems become 
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increasing saturated with N. This 4-5% N-N2O evolution rate is much higher than the 
IPCC’s (1997) recommended value of 2.5%. The likely explanation is that the IPCC 
value is too low because, as K &S (1998) note, studies done prior to theirs tended to 
have incomplete representation of N2O from aquatic systems. K&S (1998) also cite work 
current with theirs that tends to support their conclusions, and in a related paper 
Sietzinger and Kroeze (1998) they show that their model estimates are reasonably 
consistent with available observations12.  
 Our assumptions. We think it likely that the K&S (1998) findings are an advance 
over the recommendations of the IPCC (1997). Their work indicates not only that the N-
N2O/N-leached rate is relatively high now, but that it is likely to increase as aquatic 
systems become subject to increasing nitrate loads. With these considerations, we 
assume the following for fertilizer N leached from corn, grass, wood, or soy fields:   
 

    Corn Grass Wood Soy 

N-N2O/N-leached from ecosystem, 
base year 1990 

0.039 0.039 0.039 0.039 

annual percentage change in offsite 
N2O emission rate  

0.500 0.500 0.500 0.500 

  
 We believe that there is no reason to distinguish the source of the leached N (i.e., 
fertilizer, manure, crop residue, or biological fixation), because presumably most of the 
leached N is in the form of nitrate, regardless of the source. 
 In the case of atmospherically deposited N leached from ecosystems, recall again 
that the LEM distinguishes N-limited from non-N-limited systems. Generally, N2O 
emissions are lower from N-limited than from non-N-limited systems, and lower for 
dry systems than for wet systems. However, as regards estimating N2O losses from 
leached N, the distinction between wet and dry systems may be less important than in 
the case of N2O from direct deposition of N, because most leached N is transported in 
groundwater or surface runoff. However, the distinction may not be entirely irrelevant, 
because some N may be transported in dry form, for example by mechanical erosion, 
and because the wetness of the receiving ecosystem still may matter. Considering this 
and the data presented above, we make the following assumptions: 
 

 N leached into ecosystem type: 
 freshwater marine arid or 

urban 
other 

terrestri
al 

                                                 
12 K&S (1998a) say that the S&K (1998) paper shows that their “estimates for aquatic N2O emissions 
generally are in line with the available observed N2O rates” (K&S, 1998a, p. 157). 
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N-N2O/N-leached into ecosystem 
(N-limited systems) 

0.006 0.005 0.003 0.004 

N-N2O/N-leached into ecosystem 
(non-N-limited systems) 

0.055 0.050 0.030 0.045 

 
NOx and NH3 emissions from nitrogen fertilizer and deposition inputs 

Some of the nitrogen in fertilizer or deposition inputs is re-emitted to the 
atmosphere as N2, N2O, NO, NO2, and NH3. In the LEM these emissions are treated as 
follows:  

 
• N2: not included in the LEM, because N2 is environmentally inert 
• N2O: direct GHG; emissions estimated in this appendix 
• NO: indirect GHG NOx; emissions estimated in this subsection 
• NO2: indirect GHG NOx; emissions estimated in this subsection 

 • NH3: treated as NOx, because NH3 has effects similar to NOx 
 
In this subsection we estimate emissions of NOx and NH3 related to fertilizer and 

deposition N. In this case we do not make a distinction between emissions at the site of 
fertilization or deposition and emissions off-site, but rather estimate one universal 
emission rate. Table C-4 summarizes the results of the studies reviewed here. The first 
issue of Nutrient Cycling in Agroecosystem in 1997, volume 48, is devoted to the topic of 
NO emissions from soils (many of these papers are cited here; see Matson [1997] for an 
overivew).  

Emissions from synthetic fertilizer N.  Nitrogen in fertilizer can evolve as NO, via 
a two step process in which NH4+ first is oxidized to NOx, and NOx then is reduced to 
NO, N2O, and N2 . The most important controlling factors are the availability of 
nitrogen, the temperature and moisture of the soil, and microbial activity (Skiba et al., 
1997; Aneja et al., 1997). Aneja et al. (1997) report an estimate that in the Southeastern U. 
S., NO emissions from agricultural and forest soils are more than half of NOx emissions 
from power plants13.  

Studies of the N-NOx/N-fertilizer loss rate have yielded a wide range of results. 
For example, Anderson and Levine (1987) found that 0.79% of the fertilizer applied to a 
corn site was lost as N in NO. Hutchinson and Brams (1992)  applied 52-kg-N (as 
(NH4)2SO4) to a Bermuda-Grass pasture and found that 0.39% evolved as N in N2O, 
and 3.22% as N in NO. Paustian et al. (1990) made a complete carbon and nitrogen 
budget for a fertilized barley plot, and estimated an N-NOx/N-fertilizer loss rate of less 

                                                 
13Stohl et al. (1996) found that “soil emissions [of NO], which are currently neglected in most other 
photochemical models,” can have a significant effect on O3 concentrations” (p. 3753). Because, as 
discussed elsewhere, tropospheric ozone is radiatively active, this finding  justifies, at least conceptually, 
treating NO and NO2 emissions from soil as an indirect greenhouse gas.  
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than 1%, and a N-NH3/N-fertilizer loss rate of less than 4%. For a nitrogen-fixing 
lucerne ley, total gaseous losses of N were 5% of the N fixed, but the lost N presumably 
was N2.  

Although Anderson and Levine (1987) did not measure NO evolved offsite, they 
did find that NO was not emitted from soil saturated with water, which implies that 
little would be emitted from groundwater or drainage water containing fertilizer. 

In nine studies tabulated by Stohl et al. (1996) (including Anderson and Levine, 
and Hutchinson and Brams), the N-NOx/N-fertilizer loss rate ranges from 0.5% to 
11.0%. On the basis of this literature review, and their own analysis, they assume an NO 
loss rate of 4.3%. They also note that the loss rate as NO usually is twice the loss rate as 
N2O. (See also Sanhuenza [1997], who tabulates many of the same studies, plus an 
additional one in which fertilization did not increase NO emssions.) Skiba et al. (1997) 
perform a similar tabulation and find that most N-NO/N-fertilizer emission rates are 
less than 1.0%, and Veldkamp and Keller (1997) review 23 studies and estimate an 
average emission rate (which they call a lower bound) of 0.5% N-NO/N-fertilizer for 
temperate climates.  

Note that the studies tabulated above did not measure NO2 or NH3. Most of the 
studies cited in Stohl et al. (1996) measured only NO, and Stohl et al. imply that most of 
the NOx emissions is likely to be NO rather than NO2.  However, Anderson and Levine 
(1987) and Stohl et al. (1996) cite one study in which as much NO2 as NO was emitted14.  

Jambert et al. (1997) studied N emissions from a heavily fertilized (280 kg-
N/ha/yr) corn field in Southwestern France, and found 11.3% of the applied N was 
emitted as NO, and 0.1% as NH3.   

Matthews (1994) estimates emissions of N2O and NH3 from the use of N fertilizer 
globally. Using two sets of NH3 emission factors for different types of fertilizers, she 
estimates that 8-10% of the applied fertilizer N was emitted as N-NH3 globally. 
Davidson and Kingerlee (1997) estimate that total N-NO emissions from agricultural 
soils globally are 7% of global agricultural application of N, but note that their 
emissions estimates include “background” NO independent of fertilizer use and so 
cannot be entirely attributed to fertilizer use.  

Holland et al. (1999) review estimates of global nitrogen emissions, and assume 
that around 1990 agricultural soils emitted about 2 Tg N-NOX/yr, and that synthetic 
fertilizer use resulted in emissions of 6.4 Tg N-NH3/yr, worldwide. In 1990 synthetic 
fertilizer use was about 80 Tg-N/yr (Mosier et al, 2002). Thus, the assumptions of 
Holland et al. (1999) imply that about 10% of added N in synthetic fertilizer is lost as N 
in NOX or NH3. This is consistent with their statement elsewhere that the “percentage of 

                                                 
14It appears that the application of very volatile fertilizers to some soils can evolve large amounts of 
dinitrogen. Monaghan and Barraclough (1993) applied cow urine to an undisturbed grass land soil, and 
found that over the subsequent 30 days, 1-5% of the N in the urine plus the N mineralized from soil 
organic matter was emitted as N in N2O, and 30 to 65% was emitted as N2.  
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fertilizer returned to the atmosphere as NH3 varies between 2 and 30% depending on 
the type of fertilizer, soil characteristics, and fertilizer management”(p. 20).  

Holland et al. (1997, p. 15854) cite three sources that indicate that indicate that as 
much as 10-20% of fertilizer N applied to tropical soils can be returned to the 
atmosphere as N-NOX.   

Mosier et al. (1998) found that pasture fertilized with 22 kg-N/ha/yr from 1976 
to 1989 emitted 1.7 kg-N (NO)/ha/yr more in 1995/96 – seven years after fertilization 
was stopped --  than did a comparable unfertilized pasture. This implies that 
fertilization stimulates NO production at the rate of at least 8% kg-N-NO/kg-N-
fertilizer, and that this effect lasts for years beyone the abandonment of cultivation. 

Mosier et al. (2002) cite studies of N fertilization/utilization trials of irrigated 
maize in which “nitrification/denitrification losses (N2 + N2O + NOX) were estimated to 
be a relatively constant ~22% of N applied. 

Hall and Matson (1999) measured N2O and NO emissions from N fertilizer  
added to N-limited and P-limited tropical soils, and found that in the P-limited soil 
(which already had N in excess), about 2% of the added N was lost as N2O, and 2% as 
NO. (In a calculation of emissions to the atmosphere, they assumed that 50% of the NO 
generated was recaptured by the forest canopy.)  

Smil (1999) performs a careful accounting of the fate of N input to the world’s 
croplands in the 1990s, and estimates the following:  

 
• harvested crops 50.3% 
• NO emissions  2.4% 
• N2O emissions   2.4% 
• N2 emissions  8.3% 
• NH3 volatilization 6.5% 
• NO3 leaching  10.1% 
• soil erosion  11.8% 
• losses from plant tops  5.9% 
• balance  2.4% 

 
Galloway et al. (1995) also estimate the fate of anthropogenic N globally. They 

show total inputs to soils of 78 Tg N/yr from synthetic fertilizers and 43 Tg N/yr from 
cultivated legumes, and associated soil emissions of 10 Tg N/yr. NH3 (about 8%) and 2 
Tg N/yr. NO (about 2%). They also estimate that emissions of N-NO from pre-
industrial soils were about 4% of N inputs to soils from microbial upake.  

Janzen et al. (2003) perform a complete accounting of the fate of N inputs to 
Canadian agroecosystems. They assume that gaseous N losses as N2, N2O, and NO are 
10% of synthetic-N, manure-N, atmospheric-N, and crop-residue-N inputs (p. 92).  They 
also assume that some ammonia in manure and urea is volatilized.  
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The IPCC (1997 (see also Mosier et al. [1998a]) recommends an emission factor of 
10% N (NOx + NH3)/N-fertilizer.  

Emissions from deposited N specifically. Skiba et al. (1998) studied N2O and NO 
emissions from deposited N over a range of  soil conditions, from “pristine” (no excess 
N deposition above natural background rate) to those with long-term heavy nitrogen 
input. They found that the loss of N as NO ranged from 1.3% to 20% of the elevated N 
deposition.  

In their analysis of the fate of N added to forest ecosystems, Nadelhoffer et al. 
(1999) assume that 10% of the added N is lost via leaching or as gaseous NOY, NHX, N2, 
or N2O.  

Butterbach-Bahl et al. (1997) measured NO and N2O emission rates from spruce 
and beech forests receiving heavy N deposition in Germany, and found that NO-N 
emissions were 4% (beech) and 20% (spruce) of the estimated N deposition.  

Emissions by biome. The LEM requires specifying emissions by type of biome 
(temperate forest, tropical forest, grassland, etc.). Davidson and Kingerlee (1997) 
estimate total NO emissions from soils in biomes worldwide. Although they esimate 
total NO emissions rather than additional emissions due to N deposition or N-fertilizer 
addition (which is what we want), their estimates do give some indication of relative 
emissions levels (kg-N/ha/yr. mean flux):  

temp. 
forest 

temp. 
forest 

(N-
affected) 

tropic
al 

forest 

temp. 
grass-
land 

chap-
arral 

tropic
al 

savan
a 

temp. 
ag. 

tropic
al ag. 

swamp
s  and 

marshe
s 

desert
s 

tundr
a 

0.1 2.7 0.5 – 1 
.1 

1.2 5.9 3.1 3.6 4.0 0.04 0.3 0.0 

 
Very wet (temperate forests, swamps and marshes, and tundra) and very dry 

biomes (deserts) have low NO emissions. Agricultural soils have relatively large 
emissions because of high levels of fertilizer N input. On the basis of the Butterbach-
Bahl et al. (1997) study and one other, Davidson and Kingerlee (1997) distinguish “N-
affected” from non-N-affected forest biomes (their “N-affected” category is 
conceptually simmilar to our “non-N-limited” category), and estimate relatively high 
NO emission from N-affected forests, because they are relatively N saturated. 

Mitigation of NO emissions. Skiba et al. (1997) summarize mitigation measures 
for NO emissions. The estimate that increased efficiency of fertilizer use, use of zero-
tillage, and replacing slash-and-burn agriculture with more intensified agriculture each 
can reduce NO emissions by 20%. The most effective measure is the use of nitrification 
and urease inhibitors, which can reduce NO emissions by as much as 90%.   

Our assumptions. The LEM has two sets of emisson factors: one pertaining to the 
addition of N  to corn, soy, wood, or grass crop systems, and one pertaining to 
deposition of N onto global ecosystems. In the case of N added to crops, the data 
presented above and summarized in Table C-4 indicate that the IPCC recommended 
value of 10% N (NOx + NH3)/N-input is reasonable. (This also is the value found or 
assumed in several comprehensive studies, such as Galloway et al. [1995], Mosier et al. 
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[1998], Holland et al. [1999], and Smil [1999] [see Table C-4].) Given this, and assuming 
that losses from crop-residue N and biofixed N are slightly less than from synthetic 
fertilizer N:   

 

    Corn Grass Wood Soy 

N-(NOY+NHX)/N-input 
(fertilizer, manure) 

0.100 0.100 0.100 0.100 

N-(NOY+NHX)/N-input 
(crop-residue, bio-fixation) 

0.060 0.060 0.060 0.060 

 
 We could not find any basis to make different assumptions for crop-residue and 
biologically fixed N inputs than for synthetic fertilizer and manure N inputs.  
 Although our assumptions represent an order of magnitude increase in the input 
parameter (versus the value in the previous version of the model), fuelcycle GHG 
emissions change by less than 1%, because of the relatively low CEF for NOx. 

In the case of nitrogen deposition, we distinguish between N-limited and non-
limited systems, because N-limited systems take up more of the deposited N as a 
nutrient and have lower gaseous and leaching losses than have non-N-limited systems 
(e.g., Davidson and Kingerlee, 1997). Our assumptions are:  

 
 N leached or deposited into ecossytem type: 

 tropical 
forests 

temp. 
forests 

grass-
lands 

ag. 
land 

arid, 
urban 

other 
land 

aquatic 
systems 

 N-(NOY+NHX)/N-input 
(N-limited systems) 

0.010 0.010 0.015 0.020 0.005 0.010 0.005 

 N-(NOY+NHX)/N-input 
(non-N-limited) 

0.070 0.070 0.100 0.120 0.030 0.100 0.050 

 
In both cases (fertilizer input to crop systems, and deposition to ecosystems), the 

N-(NOY+NHX)/N-input parameter is meant to include any emissions off the site of N 
fertilization or deposition.  
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 CARBON OXIDATION AND SEQUESTRATION IN SOIL (ON SITE), RELATED 
TO NITROGEN INPUTS 

 
Background 

Nitrogen fertilization, especially with compost or manure, can affect the carbon 
content of the soil, mainly by affecting the activity of microbes that oxidize carbon in the 
soil. In some analyses of the effect of nitrogen deposition on the sequestration of carbon 
(see Appendix D), added nitrogen is presumed to sequester carbon at the prevailing 
C:N ratio in the soil (typically 10:1 to 30:1; see Appendix D), the idea being that the 
biological processes that control carbon fixation and oxidation work at fixed C:N ratios, 
in the way that plants typically fix carbon at constant C:N ratios15. However, studies of 
the carbon content and carbon oxidation rate of soils, reviewed below, indicate that 
nitrogen input may decrease or increase the carbon content of the soil, and that when it 
increases the carbon content, it does so at much less than typical C:N ratios in the soil.   

The processes that affect carbon sequestration and oxidation are complicated, 
and generally not reducible to a simple constant relationship between soil C and soil N.  
soil nitrogen. Carbon inputs to soils are determined by primary productivity, the 
lifecycle of vegetation, and exogenous organic matter additions, such as in manure 
(IPCC, 2000, sec 4.2.2). The decomposition of soil organic matter (SOM) and associated 
loss of carbon (as CO2) is influenced by the abiotic environment, soil characteristics, root 
characteristics, and soil disturbance. In some soils, changes in inorganic soil carbon (e.g., 
as part of CaCO3) can be influenced by land use and land management (IPCC, 2000). In 
general, fertilization may accelerate decomposition as much as it promotes productivity 
(see also Emmett, 1999).  

In this section we review studies of the carbon content of the soil and studies of 
the rate of oxidation of carbon in soil. The results of the first group of studies suggest 
that N fertilization slightly increases the carbon content of the soil, although there is a 
great deal of variability. The results of the second group show that carbon oxidation 
depends on a number of factors and can increase or decrease with fertilization (IPCC, 
1996c). 

 
Studies of fertilizer use and the carbon content of the soil 

 Liang and MacKenzie (1992) found that animal manure, crop residue, and 
mineral N fertilizer all increased the carbon content of the soil.  Paustian et al. (1990) 
measured 7 kg-OC/m2 in unfertilized barley plots, 10 kg-OC/m2 in fertilized Barley 
plots, and 9 kg-OC/m2 in grass ley (down to 27 cm). Persson and Kirchmann (1994) 
                                                 
15 For example, Johnson et al. (2000) write that “the fact that most N in soils is associated with organic 
matter has led many forest soil scientists and ecologists to assume that N retention in forest ecosystems is 
controlled almost exclusively by biological processes” (p. 1503), which presumably immobilize N at 
prevailing C:N ratios. Janzen et al. (2003) write that “increases in soil C depend on concurrent  increases 
in N [because] the two elements are both constituents of organic matter” (p. 86). 
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measured about 4.4 kg-C/m2 (to 20 cm) in an agricultural soil with cereal crops, prior to 
amendment with manure and fertilizer, and 5-6 kg-C/m2 after 25 years of amendment 
with manure. Leinweber and Reuter (1992) found that the application of compost 
increased the organic-carbon content of the soil more than did the application of 
manure, which in turn was better than mineral N fertilizer.  

Varvel (1994) measured how crop rotation and nitrogen fertilization changed the 
carbon and nitrogen content of soils growing corn, soybeans, and other crops, over 
eight years. Three different fertilizer treatments (none, low, and high) were compared. 
Crop residues were returned to the soil. Generally, the carbon content of the soil 
increased with the amount of N fertilizer applied; the rate was on the order of 1 g-C/g-
N, with a range of about 0 to 2(16). However, there were important variations by 
cropping system. In the case of continuous corn planting, nitrogen fertilization 
increased soil C by 1-1.5 g-C/g-N-fertilizer. In the case of continuous soybean planting, 
or of corn followed by soybeans, a low level of nitrogen fertilization increased soil C, 
but a high level, compared to the low level, reduced soil C.  
 Salinas-Garcia et al. (1997) found that the carbon content (down to 20 cm) of a 
Texas soil receiving 90 kg-N/ha/yr for 16 years was about 1800 kg-C/ha higher than 
the carbon content of a soil receiving only 45 kg-N/ha/yr for 16 years. This implies a 
sequestration rate of 2.5 g-C/g-N-fertilizer. The crop was 4 years of corn followed by 4 
years of cotton, twice.  
 The IPCC (2001, p. 196) cites two studies (one of them -- Fog [1988] – we discuss 
below) in support of the proposition that nitrogen addition increases the residence time 
of carbon in the soils. 
 Smith et al. (1999) write that the “impacts of N addition on soil C stores are less 
clear, however. In agricultural soils, long-term (150 year) addition of NPK fertilizer did 
not lead to significant changes in soil C compared to unfertilized plots...However, N 
addition to Minnesota grasslands did lead to net C storage in soils at cetain rates” (p. 
188).   
 A model used by Thornley et al. (1991) estimates that the fertilization of a 
temperate grassland by deposition of atmospheric N increases the carbon sequestered 
in the soil and litter at a rate of about 0.5 to 1 g-C/g-N-deposited. 

Neff et al. (2002) studied the carbon content of alpine soils subject to relatively 
high, short-term nitrogen fertilization. They find that “nitrogen additions significantly 
accelerate decomposition of light soil carbon fractions (with decadal turnover times) 
while further stabilizing soil carbon compounds in heavier, mineral-associated fractions 
(with multidecadal to century times)” (p. 915). They conclude that the net effects of 
increased nitrogen on soil carbon are not certain: “the responses of alpine ecosystems to 

                                                 
16Generally, fertilization increased carbon content in the top level (0-7.5 cm) of the soil, and reduced 
carbon content in the lowest level (15-30 cm). Varvel (1994)  reports total changes in carbon per hectare 
only for the 0-15 cm range, but does report other data that allow one to estimate what the total changes 
would be down to 30 cm.  Ours are rough estimates for the first 30 cm.  
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fertilization include both increased productivity and increased decomposition of the 
light fraction of SOM, resulting in no statistically detectable change in SOM” (p. 916). 
They also note that the effects of lower level, longer term nitrogen input (say, from 
atmospheric deposition) might be different. Neff et al. (2002) are unable to fully 
elucidate the mechanisms responsible. 

Finally, recent research suggests that much added nitrogen may be immobilized 
by abiotic processes, which do not generally simultaneously sequester carbon (and 
hence which serve to lower the C:N ratio in the soil). Johnson et al. (2000) performed 
laboratorly studies on the biotic and abiotic incorporation of nitrogen into soils from a 
variety of forest sites. They found that biotic N immobilization was greatly reduced in 
sites with greater N availability (because of N fixing or atmospheric deposition), but 
that abiotic N immobilization tended to remain constant and was not significantly 
related to N status (p. 1513). They suggest that abiotic N immobilization may become 
more important as soils become saturated with N from atmospheric deposition or 
fertilizers.  
 
Studies of fertilizer use and the oxidation of soil carbon  
 Sidorina et al. (1990) found that prolonged fertilization increased the carbon 
content and rate of oxidation of humic acid in compost. However, Castro et al. (1994) 
measured fluxes of N2O, CH4, and CO2 from unfertilized soils and soils fertilized with 
180 kg-N/ha/yr (urea), in a mature slash pine plantation in Florida, and found that 
although fertilization increased emissions of N2O and reduced uptake of CH4, it did 
not affect emissions of CO2. Similarly, Paustian et al. (1990) made a complete nitrogen 
and carbon budget of a fertilized and an unfertilized barley plot, and found that CO2 
emissions from soil (g-C/m2/yr) were similar (or the same17) in both systems.  

Bremer et al. (1991) note that “positive and negative effects of added N on the 
decomposition of plant residues have been observed and may depend on residue 
quality, especially the chemical composition” (p. 222). In their own experiments, they 
found that added N reduced CO2 evolution from both lentil and wheat straw, due, they 
believe, to the relatively high lignin content.  

Fog (1988) reviewed the literature through 1988, and concluded that 

N added to decomposing organic matter often has no effect or a negative effect on microbial activity, at 
least in the long term. More than 60 papers are cited in support of this statement. The negative effect of N 
is mainly found with recalcitrant organic matter with a high C/N ratio (straw, wood, etc.), whereas a 
positive effect of N is common for easily degradable organic material with low C/N ratio (p. 456).  

                                                 
17In their Table 2, the C emissions are the same in both plots. In their Figure 2, the plot fertilized with 120 
kg-N/ha/yr emitted 5 g-C/m2/yr more from the soil than did the unfertilized plot. This difference 
corresponds to 1.5 g-CO2/g-N.  
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Note that a negative effect means a suppression of microbial activity and hence a 
reduction in oxidation and in CO2 evolution. Hence, Fog’s (1988) conclusion is 
consistent with the proposition that N added to N-limited systems (with a relatively 
high C:N ratio) will sequester carbon (supress microbial activity and reduce oxidation). 
 Finally, Jenkinson et al.  (1991) note that an increase in temperature, caused by 
emissions of CO2 and other greenhouse-gases, could increase the rate of oxidation of 
soil carbon and lead to substantial emissions of CO2 from soil. 
 
Our assumptions 

Because the results of studies of the effect of N additions on the carbon content of 
soil have been so variable, it is difficult to draw general conclusions. The data above 
suggest that N inputs to crop systems might sequester a minor amount of carbon:   

 

    Corn Grass Wood Soy 

g-CO2)/g-N-input 
(fertilizer, manure) 

-1.0 -1.0 -1.0 -1.0 

g-CO2)/g-N-input       
(crop-residue, bio-fixation) 

-1.0 -1.0 -1.0 -1.0 

 
 We could not find any basis to make different assumptions for crop-residue and 
biologically fixed N inputs than for synthetic fertilizer and manure N inputs. (Note that 
the units are grams of CO2, not grams of C, per gram of N.) 
 In the case of soil carbon affected by deposition of atmoshperic N, recall that the 
LEM distinguishes N-limited from non-N-limited ecosystems. In this regards, we note 
that the findings of Johnson et al. (2000), Varvel (1994), and Fog (1988) suggest that N 
additions to N-limited systems sequester  more carbon than do N additions to to non-N-
limited systems, and that no studies seem to contradict this. Therefore, we assume that 
N-limited but not non-N-limited systems sequester carbon in response to N deposition. 
 The LEM uses molar C:N ratios to calculate C sequestration in response to N 
deposition, because these ratios are widely available for components of ecosystems, and 
because this has been the general method of estimating the C sequestration of N 
deposition (see Appendix D). The molar C:N ratio of soil typically is between 10:1 and 
30:1 (Appendix D). A  molar C:N ratio of 10:1 corresponds to 31 g-CO2/g-N, which in 
light of the studies reviewed here seems relatively high. We assume a C:N molar ratio 
of 3:1, which corresponds to be about 10 g-CO2/g-N, for N-limited ecosystems:   
 

 N deposited into soil in ecosystem 
type: 

 freshwater marine arid or 
urban 

other 
terrestri
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al 
 moles C : mole N (N-limited) 0.0 0.0 - 3.0  - 3.0 
 moles C : mole N (non-N-limited) 0.0 0.0 0.0 0.0 

 
 
METHANE EMISSIONS FROM SOIL   
 
Background 
 The cultivation of the corn, soybean, wood, or grass feedstocks used to make 
biofuels (ethanol, methanol, or biodiesel) can reduce the oxidation of methane in aerobic 
soils, and thereby increase the concentration of methane in the atmosphere (Ojima et al., 
1993; Macdonald et al., 1997; IPCC, 1996b; Prieme e al., 1997; Mosier et al., 1998;  
Powlson et al., 1997; Mosier et al., 1997; Thustos et al., 1998). Some of the reduction in 
soil uptake (oxidation) of methane is related to the use of nitrogen fertilizer, and some is 
related to cultivation per se, independent of the use of fertilizer (Powlson et al., 1997; 
Mosier et al., 1997, 1998; Nesbit and Breitenbeck, 1992) . Ojima et al. (1993) estimate that 
intensive land cover disturbance and extensive chronic disturbance to terrestrial 
ecosystems has reduced global CH4 uptake by about 7 Tg per year.  
 The reduction in methane uptake is equivalent to an emission of methane from 
cultivated soils. In this section we review some of the available data, and estimate these 
effective methane emissions from soils. 
 Tables C-5 and C-6 summarize some of the available data and estimates. The 
reduction in CH4 uptake as a result of cultivation and fertilization is sensitive to a 
number of site-specific factors, such as soil temperature, soil moisture, and the amount 
and kind of nitrogen fertilizer (Ojima et al., 1993; Macdonald et al., 1997; Thustos et al., 
1998, Willison et al, 1995), and as a consequence, measured effective emissions 
(reductions in uptake) can range over orders of magnitude. As shown in Table C-6, CH4 
emissions related to fertilizer use can range from near zero to on the order of 100 g-
CH4/kg-N-fertilizer.  
 
The effect of the kind of nitrogen and the nitrogen content of the soil. 

The Lifecycle Emissions Model (LEM) (for which this appendix is partial 
documentation) distinguishes  six kinds of nitrogen inputs to agricultural systems: 
synthetic fertilizer, animal  manure, biological fixation, crop residues, nitrogen 
deposition, and nitrogen leaching. The N in these inputs  has several different forms. 
For example, synthetic fertilizer N usually  is in the form of NO3 or NH4, biological 
fixation produces NO3, the atmosphere deposits NOY or NHX, leaching transfers NO3, 
and manure and crops have N as part of proteins. The form of N appears to influence 
the rate of CH4 oxidation soils. Most importantly, as discussed next, it appears that NH4 
but not NO3 affects CH4 oxidation.  

NH4 versus NH3.  Willison et al. (1995) performed experiments with soils from 
unfertilized pasture, soils receiving 96 kg N ha-1 annually as ammonium sulphate 
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(2NH4SO4), and soils receiving 96 kg N ha-1 annually of sodium nitrate (NaNO3). They 
found that a complete inhibition of methane uptake occurred in the soils receiving 
ammonium sulphate, while the results for the control and the soils fertilized with 
sodium nitrate were very similar. Because their samples were taken 8 months after the 
last fertilizer addition, we can presume that this a long-term effect. 
 Similarly, Thustos et al. (1998) found that the addition of ammonium sulfate to 
previously unfertilized arable and grassland soils immediately reduced methane 
oxidation, whereas the addition of potassium nitrate (KNO3) reduced methane 
oxidation in grassland but not arable soils. They also found that “there was a close 
relationship between the level of N addition [as NH4] and the decrease in CH4 uptake” 
(p. 69) (brackets ours).  
 Nesbitt and Breitenbeck (1992) also found significant differences among 
fertilizers: Amending soils with clover residues decreased CH4 uptake by an avg. of 
43%; additions of 7 umol NH4+ g-1 inhibited CH4 uptake substantially; but 7 umol 
NO3- actually slightly  stimulated  CH4 uptake. 
 However, Macdonald et al. (1997) (Table C-5 here) found that NaNO3 fertilizer 
inhibited methane oxidation in soils at least as much as did NH4 fertilizer. They cite 
other studies with similar findings, although they acknowledge that most studies have 
found that NH4 has a greater effect than does NO3. They suggest routes by which the 
NO3 fertilizer might increase NH4 concentrations, but then observe that none of these 
routes applied in their own work.       
 Manure.  Powlson et al. (1997) found that the application of farmyard manure 
had no inhibitory effect on CH4 uptake (oxidation). This result was surprising because 
the farmyard manure contained a great deal of NH4 (Powlson et al., 1997, p. 62). On the 
other hand, Mosier et al. (1997) report the results of a study in which N fertilization 
with cattle excrement slurry did inhibit CH4 uptake in soil relative to unfertilized soils 
(Table C-6). 
 N fixation and N in crop residue. We did not find any studies that examined the 
effect on soil CH4 of N fixation or crop-residue-N specifically. N fixation produces NO3, 
which as noted above may not inhibit soil oxidation of CH4, but it is not clear if the 
fixed N is distributed widely enough to affect soil oxidation of CH4.  
 N deposition and leaching. Given that much deposited N and most leached N is 
nitrate, and that according to most (but not all) of the studies above the addition of 
synthetic fertilizer N-NO3 does not affect the oxidation of CH4 in soils, one might expect 
that N deposition or leaching would not affect CH4 in soils. However, Powlson et al. 
(1997) state that “recent measurements of CH4 uptake by predominantly aerobic soil 
have shown significant variations that appear to be caused by land management and 
nitrogen (N) deposition from the atmosphere” (p. 60), and cite a study by Melillo et al. 
in support of this. Ojima et al. (1993) perform a calculation of the amount the reduction 
in CH4 uptake by soils due to N deposition, using data in Melillo et al.  and Steudler et 
al. The IPCC (2001, p. 246) says that deposition of atmospheric nitrogen does stimulate 
CH4 emissions, but it does not cite any studies or theory in support of this assertion. It 
may be that the particular form and circumstances of N-nitrate deposition are different 
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enough from the form and circumstances of applied N-nitrate fertilizer to have different 
effects on CH4 oxidation in soils. Alternatively, it may be that deposition of NHY, rather 
than deposition of NOX, is responsible for the effect. 
 The effect of the N content of the soil. Mosier et al. (1997) suggest that the extent 
to which added N affects CH4 oxidation depends in part on the extent to which the 
added N is retained in the soil rather than lost by leaching or gaseous processes or taken 
up by plants. Unfortunately, the LEM does not classify ecosystems according to the 
extent to which added N stays in the soil. The LEM does distinguish N-limited from 
non-N-limited ecosystems, but this distinction does not help, because we cannot 
identify N-limited ecosystems with “soil N-retaining” or “not soil N-retaining”: N-
limited ecosystems will have lower N losses and higher N uptake by plants than will 
non-N-limited ecosystems, but it is not clear whether they will have greater or lesser 
soil uptake of N.    
 
Effects of cultivation 
 The effect of disturbing the land by cultivation can be distinguished from the 
effect of nitrogen fertilizer. Mosier et al. (1997) note that conversion of native grasslands 
and forests to managed pastures and cultivated crops reduces the oxidation of methane 
in the soil, and that this reduction is attributable partly to N fertilization and partly to 
disturbance of the soil (p. 73). They cite several studies that show that “cultivated soils 
generally show much lower CH4 uptake rates than soils under native conditions” (p. 
73).  

There are several studies of the difference in CH4 uptake between forest soils or 
grassland soils and cropland. These studies indicate that conversion of forests to 
cropland reduces CH4 uptake by about 3 kg-CH4/ha/yr, and that conversoin of 
grassland to cropland reduces uptake by about 1 kg-CH4/ha/yr (Table C-5). Ojima et 
al. (1993) estimate that the conversion of forest land to crop land has reduced CH4 
uptake by on the order of 1-3 kg CH4/ha/yr, and that the conversion of grass land to 
crop land has reduced CH4 uptake by 0.5 - 2 kg CH4/ha/yr. Similarly, Mosier et al. 
(1998) assume that converting U. S. Great Plains grasslands to wheat-fallow cropping 
would reduce CH4 uptake by 1.7 kg/CH4/ha/yr.  Powlson et al. (1997) report estimates 
of the CH4 oxidation rate for various soils, and then in their own calculation of annual 
CH4 uptake by U. K. soils assume 3.8 kg-CH4/ha/yr. for forest soils, 1.8 for pasture, and 
0.7 for arable soils, in 1993. Robertson et al. (2000) found that a late-successional forest 
oxidized 3.6 kg-CH4/ha/yr more than did crop land or poplar (Table C-5). 

Finally, Mosier et al. (1997) estimate the following rates of CH4 uptake, by 
ecosystem (kg-CH4/ha/yr.)18:  

 
tropical forests 3 

                                                 
18 In their Table 4 Mosier et al. (1997) report uptake in units of mg CH4 /m2/yr, but it appears that the 
units really are in grams, not milligrams.  
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temperate forest 11 
boreal forest 2 
shrub and grassland 3 
tundra and alpine 1 
desert and agriculture 2 

  
Other studies cited in Table C-5 suggest that the impact of cultivation per se, 

apart from the impact of fertilization, is of the same order as the impact of fertilization. 
This implies a rate of 0.5 to 3 kg CH4/ha/yr.19  

Measurements of CH4 oxidation in forests at various stages of recovery after 
abandonment of agriculture suggest that it takes at least 100 years for the oxidation rate 
to fully recover after cultivation (Prieme et al., 1997). These same experiments  indicate 
that very old forests oxidize about 10 kg CH4/ha/yr more than do croplands (Prieme et 
al., 1997) (Table C-5). Similarly, Mosier et al. (1998) state that it takes more than 50 years 
for grasslands to return to their original conditions after cultivation, although it takes 
less than 50 years for the recovery of the microbial populations that regulate CH4 and 
N2O in grassland soils.    

 
Potential for mitigation 

Estimates of long-term effects of cultivation and N-fertilization on methane 
emissions from soil should consider the possibility of mitigation measures. Cole et al. 
(1997) and Armstrong-Brown et al. (1995) discuss measures for mitigating GHG 
emissions related to soils. Armstrong-Brown et al. (1995) note that reducing the use of 
ammonium fertilizer and improving the porosity of soil would increase the rate of 
methane oxidation in soils. The LEM projects long-term declines in fertilizer use, but 
does not consider long-term changes to soil structure. Hence, we do not project any 
changes in methane emissions due to mitigation strategies. 

 
Our assumptions 

The effect of N fertilization.  Based on the data presented in Table C-6 and 
summarized here, a value of 10 g-CH4/kg-N-fertilizer (reduction in CH4 uptake, which 
is tantamount to an emission of CH4) seems reasonable for most circumstances. Note, 
though that even values towards the high end of the range of Table C-6 result in a 
relatively small contribution to fuelcycle total CO2-equivalent emissions.  

  

                                                 
19 Willison et al. (1995) remarked that there was no evidence for an effect of cultivation independent of 
fertilizer use, and cited one laboratory study that showed no change in methane oxidation as a result of 
disrupting soil (p. 544), but later work by members of their group (Powlson et al., 1997) does indicate that 
cultivation per se affects methane emissions. 
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    Corn Grass Wood Soy Comments 

g-CH4/kg-N, 
fertilizer, manure 
(reduction in 
CH4 uptake, 
which is 
tantamount to an 
emission of CH4)  

0.10 10.0 10.0 1.00 Based on data presented here. These 
indicate that fertilization of corn 
fields has little effect on CH4 
uptake, perhaps because these 
fields are already N saturated. 
There are no data specific to 
soybeans; we assume rate in 
between corn and grass. 

g-CH4/kg-N, 
crop residue, 
bio-fixation  

0.00 0.00 0.00 0.00 Assume N is not readily available 
or widely distributed in soil. 

 
 Deposition onto 

ecosystem: 
 

 Forests Grasses Others Comments 
g-CH4/kg-N-deposition-
input, N-limited systems 

10 10 0 Based on data presented 
here.  

g-CH4/kg-N-deposition-
input, non-N-limited systems 

10 10 0 Can’t distinguish N-
limited from non-N-
limited. 

g-CH4/kg-N-leaching-input, 
N-limited systems 

10 10 0 Assume leaching has same 
effect as N deposition. 

g-CH4/kg-N-leaching-input, 
non-N-limited systems 

10 10 0  

 
The effect of cultivation.   Considering the data presented above (especially but 

not exclusively the estimates of Mosier et al. [1997]), we make the following 
assumptions (g-CH4 uptake/ha/yr [except as noted], independent of N fertilization):  

 
Baseline land uses (displaced by “new” energy crop production) 

Tropical 
forest 

Temperate 
forest 

Boreal 
forest 

Tropical 
grassland 

Temperate 
grassland 

Deser
t 

Tundr
a 

Wetland Cropland Low 
intensity 

3,000 10,000 2,500 3,000 3,000 2,000 1,000 3,000 1,500 20% 
above 

high-yield 

 
“New” energy crops (displacing baseline uses) 
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Corn Grass 
crop 

SRIC 
wood 

Soybeans Coal Blank 1 Blank 2 Blank 3 Blank 4 Blank 5 

1,500 2,000 2,500 1,500 500 n.a. n.a. n.a. n.a. n.a. 

 
 The blanks are placeholders for additional energy crops to be added to the 
model. 
 Note that these are estimates of the total uptake rate for each type of land use, 
not estimates of the differences in uptake between different types of land use. In the 
LEM the effect of cultivation on CH4 uptake (independent of N fertilization) is 
calculated by taking the difference between the CH4 uptake of the energy-crop system 
in question and the CH4 uptake of the various land uses displaced by the energy crop. 
Details are given in the main documentation report.  

The land-use category “low-intensity” refers to relatively low-intensity  
cultivation of land already in energy crop production. We include this as a baseline land 
use because it is likely that some “new” production of energy crops (particularly corn 
and soybeans) will occur on land already devoted to production of the energy crop, by 
increasing yields on such land, and we want to be able to account for the effects of 
increasing the yield.  Because it appears that CH4 uptake is a function of the degree of 
disturbance, we assume that the less intensively cultivated baseline land has higher CH4 
uptake than does the land when yield (and presumably land disturbance) is increased.  
Thus, we assume that one effect of increasing yields on land already in energy crop 
production is to reduce the CH4 uptake of the land.   
 
 
CHANGES IN CO2 SEQUESTRATION IN SOIL AND BIOMASS 

 
Carbon in soil and biomass 

It is  well established that cultivation and disturbance reduces the carbon content 
of soils (IPCC, 2000). Generally, soils in natural forests contain more carbon per acre 
than do shrubland and grassland soils, which in turn contain more carbon than crop 
soils. Cultivation also usually reduces the carbon content of the standing biomass. 

The main text documentation presents the methods of analysis used to estimate 
the CO2-equivalent impact of changes in soil C (and hence in atmospheric CO2) 
associated with various activities in the lifecycle of fuels and vehicles. The method 
requires data on the carbon content of soil and biomass in “baseline” or status-quo 
ecosystems (including agricultural), and on the carbon content of the soil in energy crop 
systems (corn, soybeans, wood, and grass) and also coal mining. (The carbon content of 
biomass in energy crop systems is estimated on the basis of the yield and carbon weight 
fraction of the plant.) In this section we present data on the carbon content of soils and 
biomass.  

Carbon contents of baseline or status-quo ecosystems. The LEM considers nine 
ecosystems that can replace or be replaced by energy cropy systems: tropical forests, 
temperate forests, boreal forests, tropical grasslands and savannas, temperate 
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grasslands and shrublands, deserts and semi-deserts, tundra, croplands, and wetlands. 
Several sources provide data that allow us to estimate carbon contents for these 
ecosystems. First, the IPCC’s (2001) TAR presents the following estimates of the carbon 
content of soils and biomass for these ecosystems (kg-C/m2) (see also IPCC [2000]):  

 
 plants  soil 
tropical forests 12 – 19  12 
temperate forests 6 – 13 (upper end likely too high) 10 – 15 
boreal forests 4 – 6 (upper end likely too high) 25 - 34 
tropical grasslands and savannas 2.9 9 – 12 
temperate grasslands and shrublands 0.7 – 1.3 10 – 24 
deserts and semi-deserts 0.2 – 0.4 4 – 6  
tundra 0.4 – 0.6  13 – 21 
croplands 0.2 – 0.3  8 – 12  
wetlands 4 64 

 
My assumptions are based mainly on the IPCC (2001) data.  
Other data sources are consistent with the IPCC (2001) estimates. In their model 

of the global carbon cycle, Hudson et al. (1994) assume the following values for biome 
carbon pools (kg-C/m2):  
 
 plants  soil 
temperate forests 12.1 12.7 
boreal forests 9.0 21.7 
woodland 2.8 7.0 
temperate grasslands 0.85 20.3 
desert 0.40 6.5 
tundra 0.25 19.7 
agriculture n.e. 10.1 
 

In their “Terrestrial Carbon Model,” used to define changes in vegetation and 
soils as a result of converting natural ecosystems to agriculture, Houghton et al. (1983) 
assume the following values for undisturbed ecosystems (kg-C/m2):  
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 plants  soil 
tropical forests 16 – 20 11.7 
temperate forests 13.5 – 16 13.4 
boreal forests 9 20.6 
tropical woodland shrubland 2.7 6.9 
temperate woodland shrubland 2.7 6.9 
tropical grassland 1.8 4.2  
temperate grassland 0.7  18.9 
tundra 0.3 20.4  
desert scrub 0.3 5.8 
crops 0.3 – 0.5 3.4 – 10.3 

(minimum) 
  
 Houghton et al. (1983) also estimate the carbon content of vegetation and soils in 
forests, shrublands, and grasslands that have recovered after abandonment of 
agriculture.  Generally, they assume that 50 years after abandonment recovered forests 
have 75% of the vegetation C and 90% of the soil C of undisturbed forests, and that 
recovered grasslands and shrublands have 100% of the vegetation C and 100% of the 
soil C of undisturbed ecosystems. 
 A model used by Thornley et al. (1991) predicts 8-12 kg-C/m2 in the soil and 
litter of temperate grassland, at steady-state, depending on temperature, ambient CO2 
concentration, and N deposition. This value is at the low end of the ranges in the studies  
cited above. 

Table C-7 shows studies of the change in carbon content of plants and soil 
resulting from afforesting former agricultural lands. These data indicate a gain in soil 
carbon of 4 – 8 kg-C/m2 and a gain in plant carbon of 6 – 14 kg-C/m2 after 55 years. 
These gains are consistent with the IPCC (2000) data, presented above, on the difference 
between the carbon content of a forest and the carbon content of a crop system. 
Similarly, Arrouays et al. (1996) estimated that converting forest land to intensive corn 
cropping reduced the carbon content of the soil by 6.35 kg-C/m2 over 36 years. 

Carbon content of soil in energy crop systems20. The estimates presented above 
indicate that conventional agricultural soils contain 3-12 kg-C/m2, with a best estimate 
of around 8-10 kg-C/m2. Other estimates, summarized here, are consistent with this 
range.  

Mann (1986) analyzed 50 different sources that reported the carbon content of 
cultivated and uncultivated soils, mainly in the U. S. His meta-regression-analysis of the 

                                                 
20 Note that we calculate the carbon content of plants in energy-crop systems on the basis of carbon 
weight fractions and other data, in the main report.) 
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data in these studies showed that cultivated soils contain about 6 kg-C/m2, and 
uncultivated soils about 7 kg-C/m2, over all soil types, down to 30 cm. Agriculture and 
Agri-food Canada (1997) report a study that found about 7.5 kg-C/m2 down to 30 cm 
for tilled soils, and 8.8 kg-C/m2 for untilled soil, in Canada.  Liang and MacKenzie 
(1992) measured 4.8 kg-OC [organic C]/m2 down to 20 cm, in a corn field augmented 
with animal manure and corn stover. Lee et al. (1993) estimate that agricultural soils in 
the U. S. corn belt have a carbon content of about 18 kg-C/m2. Gebhart et al. (1994) 
measured the carbon content of cropland, CRP (Conservation Reserve Program), and 
native pasture soils (to 300 cm), and found 5.9 kg-C/m2 for cropland, 6.5 kg-C/m2 for 
CRP, and 9.1 kg-C/m2 for native pasture. CRP soil gained carbon at an average rate of 
0.11 kg-C/m2/yr.  

The avaible data suggest that switchgrass and wood energy systems will have a 
higher soil carbon content than do general agricultural systems. McLaughlin (1998) 
reports the soil carbon content of swithgrass planted on land used for a variety of 
purposes, including agriculture. Initial carbon contents to 90 cm were 3.9 and 10 kg-
C/m2 in two research trials. Switchgrass increased the C content of the soil at a rate of 
0.25 kg-C/m2/yr (trial with 3.9 initial level) and 0.14 kg-C/m2 (trial with 10 kg-C/m2 
initial level) for 3 to 5 years. McLaughlin (1998) believes that this rate could be sustained 
for at least 20-30 years, and that some gains, perhaps at a lesser rate, would continue for 
50 to 100 years.  This suggests equilibrium soil-C values for switchgrass plantations of 
on the order of 10 – 20 kg-C/m2.  

Andress (2002) reports the results an analysis of carbon content of soil on land 
converted from crops to switchgrass using a recent model developed specifically for 
switchgrass. The model estimated that the initial carbon content of the cropland soil 
was 4.3 kg-C/m2 (to 40 cm), and that switchgrass increased the carbon content to 7.9 kg-
C/m2 after about 100 years, an increase of about 0.04 kg-C/m2/yr. Most of the gains 
occurred in the first 50 years. Note that these results are for the first 40 cm of soil only. 
Andress suggests that the results be multiplied by 1.25 to obtain results for 100 cm of 
soil. This results in 5.4 kg-C/m2 for the crop system and 9.9 kg-C/m2 for switchgrass at 
equilibrium.  

Andress (2002) also reports other estimates of the carbon content of soils. One 
study estimated that the establishment of a poplar plantation over previously tilled 
prarie increased the carbon content of the soil 0.16 kg-C/m2/yr over 18 years. Another 
study agricultural lands converted to forest and grasslands gained soil carbon at a rate 
of 0.03 – 0.04 kg-C/m2/yr. 

Finally, Table A-27 of Perlack et al. (1992) and accompanying text provide 
estimates of the differences in the soil carbon content of various ecosystems (kg-C/m2, 
expressed as an emission, so that a negative number represent a carbon increase, or 
uptake):  
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Displaced--> 
Energy crop system: 

Forests CRP, pasture Row crops 

Row crops 4.3 0.45 0.0 
Perrenial grasses 3.8 0.0 -0.45 
Trees 2.5 -1.3 -1.8 

 
On the basis of these analyses, and my own judgment as regards deserts and 

land disturbed by mining, I assume the following long-term equilibrium carbon 
contents: (kg-C/m2):  
 
Baseline land uses (displaced by “new” energy crop production) kg-C/m2 
 Tropical 

forest 
Temperate 

forest 
Boreal 
forest 

Tropical 
grass 

Temp. 
grass 

Desert Tundra Wetland Crop-
land 

Low 
intensity 

soil 12 13 26 9 18 5.5 20 64 9 20% above
high-yield 

plants 16 11 6 2.8 0.8 0.35 0.4 4 0.4  
 

“New” energy crops (displacing baseline uses) kg-C/m2 

 Corn Grass 
crop 

SRIC wood Soybeans Coal Blank 1 Blank 2 Blank 3 Blank 4 

soil 8 11 10 9 500 n.a. n.a. n.a. n.a. 

 
Fertilization, especially with compost or manure, can increase the carbon content 

of the soil. This effect is covered in the main report, and is discussed briefly in this 
appendix. 
 Coal mining. The LEM also accounts for changes in the carbon content of soil and 
biomass as a result of surface coal mining activities. In this regard, Lal and Bruce (1999, 
p. 181) cite an estimate that reclamation of mineland can sequester C in soils at a rate of 
0.15 to 0.20 kg-C/m2/yr., which over 30 years would sequester a total of 4.5 – 6.0 kg-
C/m2.  
 
Potential for reducing carbon losses due to cultivation 
 As discussed above, cultivation generally reduces the carbon content of soils and 
biomass compared with that of the natural vegetation displaced by agriculture (IPCC, 
2000). However, with the use of appropriate management practices (erosion control, 
conservation tillage, soil restoration, residue management, and improved farming and 
cropping systems), the carbon content of agricultural soils can be increased (IPCC, 
2001a, 2000; Lal and Bruce, 1999; Salinas-Garcia et al., 1997; Lee et al., 1993). Lal and 
Bruce (1999) estimate that the carbon content of agricultural soils can be increased at the 
rate of about 0.01 to 0.2 kg-C/m2/yr, for as long as 30 years, resulting in a net additional 
sequestration of 0.3 to 6 kg-C/m2.  Similarly, the IPCC (2001) reports “key practices” 
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that can sequester carbon on cropland at a rate of about 0.04 kg-C/m/yr. over 20 to 40 
years. Lee et al. (1993) project that no-till plus winter cover crop compared with the 
current mix of tillage practices in the U. S. corn belt can increase the carbon content of 
the first meter of soil by 0.013 kg-C/m2/yr for at least 100 years, resulting in at least 1.3 
kg-C/m2 total additional sequestration.  
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TABLE C-1.  N2O FLUXES FROM AGRICULTURAL, GRASSLAND, AND FOREST SOILS 
 
 
Site 
Location 

 
Fertilizer Type 

 
Crop Type 

Flux Rate 
g-N-N2O/ha/d 

(unless noted) 

 
Comments 

 
Source 

  CORN    

Near Shelton, 
Nebraska 

Anhydrous injection 
on April 15, 1991 

(112.0 kg N ha-1) and 
urea-ammonium 

nitrate sidedress on 
5/9/91  

(33.6 kg N ha-1) 

Corn hybrid, 
Pioneer Brand 

3379 

Avg. (Max) Month: 

25 (25)  5/91 

10 (125)  6/91 

15 (15)  7/91 

20 (20)  8/91 

 

2.29 Seasonal loss 

Data from 1991, a dry year 

 

Irrigation of 310 mm 
contributed 88.5 kg N ha-1 to 

total N input 

 

1.0% of N applied through 
fertilizer and irrigation was lost 

annually 

Qian et al. (1997) 

Near Shelton, 
Nebraska 

Ammonium 
phosphate sidedress 
on May 1, 1992 (13.4 
kg N ha-1) and urea-
ammonium nitrate on 

6/29, 7/1, and 7/6, 
1992 (78.5 kg N ha-1) 

Corn hybrid, 
Pioneer Brand 

3379 

Avg. (Max.) Month: 

 

2 (2) 4/92 

5 (15) 5/92 

12 (75) 6/92 

5 (10) 7/92 

10 (25) 8/92 

 

1.52 Seasonal loss 

Data from1992, a wet year 

 

Irrigation of 191 mm 
contributed60.9 kg N ha-1 to 

total N input 

 

1.0% of N applied through 
fertilizer and irrigation was lost 

annually 

Qian et al. (1997) 
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TABLE C-1 CONTINUED. 
 
Colorado Anhydrous ammonia 

(AA), Ammonium 
sulfate (AS), Urea (U), 
and Calcium Nitrate 

(CN) 

Corn AA:  1.3%b 

AS:  1.5%b 

U:  1.6%b 

U:  0.8%b 

U:  2.1%b 

CN:  0.3%b 

 Mosier et al. (1986), 
Bronson et al., (1992), 
and Duxbury and 
McConnaughy (1986;  
in Mosier [1994]) 

Southwestern 
France 

280 kg-N/ha/yr 
anhydrous ammonia 

maize 3.9% of N fertilizer fertilizer application rate is 
relatively high 

Jambert et al. (1997) 

Colorado/ 

NLEAP model 

1). 100 kg-N/ha 

2). 100 kg-N/ha no 
tillage 

3). 100 kg-N/ha no 
irrigation 

4). 200 kg-N/ha 

corn 1). 3.3% grossb 

2). 4.0% grossb 

3). 2.8% grossb 

4). 2.7% grossb 

 

Results of NLEAP model, 
modified to include N2O 
emissions, and calibrated 

against field measurements. 
Values are gross N-N2O as a % 
of fertilizer, they are not net of 

background or no-fertilizer 
level emissions. 

Xu et al. (1998) 

Eastern 
Colorado 

Anhydrous ammonia 
applied at 168 kg N 

ha-1 in Fall, 1988 

corn Non-irrigated furrows: 

25, 3, 10, 4 

Irrigated furrows: 

17, 2, 0, 3 

Data were taken one hour after 
irrigation on four dates: 7/10, 

7/24, 8/9, and 9/6  

Guenzi et al. (1994) 

Iowa (DNDC 
model) 

1). Increase fertilizer 
from 50 to 100 kg-

N/ha/yr 

2). Increase from 100 
to 200 kg-N/ha/yr 

corn 1). 1.4% N-N2O/N-
fertilizer increment 

 

2). 0.4% N-N2O/N-
fertilizer increment 

Model simulation holding 
constant all other parameters 

(precipitation, deposition, 
temperature, etc.) 

Li et al. (1996) 
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TABLE C-1 CONTINUED. 
 

  VARIOUS 
CROPS 

   

Northeastern 
Colorado 

Urea and urea plus 
nitrification inhibitors 

ECC (20 kg ha-1), 
DCD (10% N), and 

nitrapyrin (0.5 L ha-1) 

Dryland wheat, 
irrigated wheat, 

and irrigated 
corn 

Dryland wheat:c 

101 Wheat 

112 Fallow 

Irrigated wheat:c 

929 Urea alone 

509 Urea + ECC 

437 Urea + DCD 

360 ECC alone 

440 Control 

Irrigated corn:c 

1,651 Urea alone 

980 Urea  + NP 

483 Urea + ECC 

108 Control 

Nitrification inhibitors reduced 
N2O emissions 

Bronson and Mosier 
(1993) 

Denmark 

Drained Fjord 

None Wheat 46-139 diurnal flux 

93 (avg. diurnal flux) 

 Weinhold et al. (1995) 

Germany 
(Lower 
Saxony) 

1.)  0,105, 210 kg/ha 

2.)  0, 45, 90 kg/ha 

3.)  0, 70, 150 kg/ha 

4.)  0, 45, 100 kg/ha 

1).  winter wheat 

2).  winter barley 

3).  sugar beet 

4.)  winter rape 

1). ~ 4 (0.7 - 4.2% of N) 

2). ~4 (1.6 – 4.2% of N) 

3). ~4 (1.5 – 8.5% of N) 

4). ~4 (1.4 – 3.5% of N) 

Percentage of fert. N lost as N-
N2O was higher at 50% 

fertilization rate, for all crops 

Kaiser et al. (1998) 
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TABLE C-1 CONTINUED. 

 
Northeastern 
Colorado 

Not specified Pasture, 
grassland, wheat, 

and corn 

Pasture: 

6.1  Fertilized 

2.5  Unfert. 

Unfert. wheat:  3.5 

Grassland:  3.5 

Irrig. corn field: 

Urea fert.  16.5 

Urea-inhibit.  4.6 

Control  1.1 

Irrig. wheat field: 

Urea fert.  6.0 

Urea-inhibit.  2.5 

Control  2.0 

 Mosier and Schimel 
(1991) 

New York Ammonium nitrate 
(AN), Ammonium 
sulfate (AS), and 

Sewage sludge (SS) 

Spring Barley AN:  0.6%b 

AS:  0.4%b 

SS:  1.4%b 

 Mosier et al. (1986; in 
Mosier [1994]) 

England Ammonium nitrate Winter wheat 3.5%  direct seeded, clay 
soilb 

1.5%  plowed, clay soilb 

0.9%  direct seeded, clay 
loamb 

0.4 % plowed, clay loamb 

 Burford et al. (1981; in 
Mosier [1994]) 
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TABLE C-1 CONTINUED. 

 

Not specified Anhydrous ammonia 
(AA), Ammonium 

nitrate (AN), 
Ammonium Cl/SO4 

(A), Urea (U),  
Ca/K/Na Nitrate (N) 

Agricultural not 
specified 

AA:  44.0 (10.5-123.0), 
2.70% (086-6.84%), 82%f 

AN:  4.5 (0.3-17.4), 0.44% 
(0.04-1.71%), 57%f 

A:  4.6 (0.4-14.3), 0.25% 
(0.02-0.90%), 29%f 

U:  1.6 (0.9-3.0), 0.11% 
(0.07-0.18%), 30%f 

N:  1.5 (0.03-10.2), 0.07% 
(0.001-0.50%), 12%f 

 Eichner (1990) 

Not specified Ammonium sulfate, 
(AS), Urea (U), 

Calcium nitrate (CN), 
None 

Agricultural not 
specified 

AS:   62, 50, 19, 8, 10, 6, 7, 
7, 4g 

U:   42, 45, 15, 5, 7, 4, 6, 6, 
5g 

CN:   5, 4, 4, 3, 4, 2, 4, 4, 
3g 

None:   4, 3, 3, 2, 3, 2, 4, 4, 
3g 

Measurements over six weeks 
after fertilization 

Breitenbeck et al. 
(1980;  in Robertson 
[1993]) 
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TABLE C-1 CONTINUED. 
 
Not specified Anhydrous ammonia 

and aqua ammonia 
(AA), Ammonium 

nitrate (AN), 
Ammonium sulfate or 
phosphate (AS), Urea 
(U), Other nitrogen or 
complex fertilizer (N) 

Agricultural not 
specified 

AA:   1.63% (0.86-6.84%)b 

AN:   0.26% (0.04-1.71%)b 

AS: 0.12% (0.02-1.5%)b 

U:   0.11% (0.07-1.5%)b 

N:   0.11% (0.001-6.84%)b 

 OECD (1991; in 
Greene and Salt 
[1993])  

Generalized 
Form 

A variety of mineral 
and organic fertilizers 

Generalized 
Form 

1 + (0.0125 * N applied)h 

 

Includes N sources from 
different mineral and organic 
fertilizers, and also includes 

N2O from all sources, including 
native soil N, N from recent 
atmospheric deposition, past 

years' fertilization, N from crop 
residues, N2O from subsurface 

aquifers, and current N 
fertilization 

Bouwman (1996) (see 
also Mosier et al. 
[1998a]) 
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TABLE C-1 CONTINUED. 
 
  GRASSLAND    

Near Nunn, 
Colorado 

Ammonium nitrate 
administered at 2.2 g 
N m-2 per year from 

1976 to 1989 

Swale, 

Midslope, 

Wheat, 

Fallow, and 
Grass 

Swale: 

6.2  Fertilized 

3.0  Unfert. 

Midslope: 

3.1  Fertilized 

1.8  Unfert. 

Pasture: 

6.1  Fertilized 

2.5  Unfert. 

Wheat:  2.6 

Fallow:  4.5 

Grassland:  3.5 

 Mosier et al. (1991) 

Denmark 1). 75 kg-N/ha/yr 
NH4NO3 

2). 120 kg-N/ha/yr 
NH4NO3 

1). M. 
“Giganteus” 
(perennial 

energy crop) 

2). Winter rye 

1). 1.5% over 8 monthsb 

2). 0.5% over 8 monthsb 

Authors suspect that emissions 
over remaining 4 months were 

low. However, precipitation 
was low, and N2O increases 
with rainfall. So these % are 

lower bounds. 

Jorgensen et al. (1997) 

Multiple sites None Field and 
grassland 

14 (average) 

1-78 (range ) 

Based on data from 57 sites Ottow et al. (1990; in 
Isermann [1994]) 
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TABLE C-1 CONTINUED. 
 
Near Stirling, 
Central 
Scotland 

Ammonium nitrate, 
185 kg NH4-NO3-N  

ha-1 on 4/3/92 

Grassland Mean fluxes (see 
comments): 

153 ± 9 Ungrazed 

557 ± 107 Grazed 

Measured over a three-week 
period following fertilization, 

not annual means 

 

Total N2O-N losses were 1.7% 
and 5.1% of applied N for 

ungrazed and grazed areas, 
respectively 

Clayton et al. (1994) 

Near Heino, 
Netherlands 

Calcium ammonium 
nitrate (kg N ha-1): 

Sand 313 

Clay 277 

Peat 1 266 

Peat 2 161 

Grassland Sand:  1.7  0.5%a 

Clay:  3.9  1.4%a 

Peat 1:  6.2  2.3%a 

Peat 2:  6.2  3.9%a 

Peat soils showed high N2O 
emissions relative to sand and 

clay soils 

Velthof and Oenema 
(1995) 

Colorado  22 kg-N/ha/yr 
NH4NO3 

fertilized pasture 
and native 

unfertilized 
pasture 

(shortgrass 
steppe) 

- 0.4 (native unfertilized) 

- 0.7 (fertilized) 

Implies about 0.5% of fertlizer 
N evolving as N in N2O. Note 
that measurements were taken 

in 1990-1994 and that 
fertilization occurred from 
1976-1989, so results show 

residual post-cultivation effects.  

Mosier et al. (1998) 
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England 1). 300 kg-N/ha/yr 

NH4NO3 

2) 300 kg-N/ha/yr 

urea 

3). #2 + nitrification 
inhibitor 

intensively 
managed 
grassland 

1). 37 (4.5% of applied N) 

2). 14 (1.8% of applied N) 

3).  8 (0.9% of applied N) 

Percentages of applied N are 
net of unfertilized control. 

Dobbie and Smith 
(2003) 

Germany 1). Unfertilized 

2). 329 g-N/ha/day 
Calcium ammonium 

nitrate 

grasslands 1). 0.55 

2). 3.6 (0.9% of applied 
N) 

The difference between the 
fertilized and unfertilized 

emission emission rates ranged 
from 0.5% to 1.5% of applied N 

Kammann et al.  
(1998) 

Niwot Ridge, 
Colorado. 

2500 meters in 
elevation. 

Alpine 
meadows 
dominated by 
C. scopulorum 
and K. 
myosuroides 

Slow release 40-0-0 
Urea nitrogen applied 
in two years prior to 

tests. Average N input 
of 25 g N m-2 yr-1 

Dry meadow 
fertilized 

Dry meadow 
unfertilized 

Wet meadow 
fertilized 

Wet meadow 
unfertilized 

6.48, 5.52, 5.40, 1.68, 1.44, 
0.60, 3.00d 

0.24, 0.12, 0.48, 0.00, 0.00, 
0.00, 0.12d 

n.m., 4.32, 6.24, 5.76, 
10.32, 9.00, 7.44d 

0.00, 0.00, 0.36, 0.36, 0.24, 
0.24, 0.24d 

Overall boost in N2O 
production from fertilizer was 

45-fold for wet meadow and 22-
fold for dry meadow 

Neff et al. (1994) 
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TABLE C-1 CONTINUED. 
 

  FOREST    

Near 
Copenhagen, 
Denmark 

None Spruce forest 

Beech forest 

Riparian 

Coast grassland 

Fallow farmland 

Upland arable 

Drained arable 

2.1 (-0.2-9.0 range)e 

2.2 (-0.3-9.0 range)e 

1.8 (-0.4-9.0 range)e 

3.4 (-0.4-23 range)e 

0.7 (-0.3-2.0 range)e 

9.9 (0.4-66 range)e 

12.8 (1-36 range)e 

Arable soils emitted N2O at 
higher rates 

Ambus and 
Christenson (1995) 

Southern 
Scotland 

40 kg/ha N as NH4 
NO3, NaNO3, or 

NH4Cl (also studied 
deposition of 

atmospheric N) 

Spruce forest, 
moors, control 

Spruce forest, 
moors, fertilized 

about 0.1  in the 
“control” soils (over 14 

days);  

0.2 to 0.7 fertilized soils 
(over 14  days) 

If the difference of 0.1 to 0.6 g-
N-N2O/ha/d was maintained 
over a year, then 0.1% - 0.5% of 
the N in fertilizer evolved as N- 

N2O 

MacDonald et al. 
(1997) 

Germany 1). Est. N deposition 
35+  kg-N/ha/yr. 

2). Est. N deposition 
20 kg-N/ha/yr.  

1). spruce plot 

2). beech plot 

1). 1.2 (about 1.3% of N 
deposition) 

2). 4.0 (about 7% of N 
deposition) 

 Butterbach-Bahl et al. 
(1997) 

Florida 180 kg-N/ha/yr (urea) 
from Feb. 1987 to Dec. 

1991 

Slash pine 
control 

Slash pine  
fertilized 

0 to 0.9 in the “control” 
soils (3 samples in a yr.) 

3.0 to 17.7 in fertilized 
soils (3 samples in a yr.) 

The difference of 3.0 to 17.3 g-N-
N2O/ha/d implies that 0.6 - 

3.5% of the N in fertilizer 
evolved as N- N2O 

Castro et al. (1994) 

 



 68

Notes:  n.m. = number missing in series; DCD = dicyandiamide; ECC = encapsulated calcium carbide; NP = nitrapyrin. 
 
See Eichner (1990) for a similar table with data on experiments in the 1980s. 
 
a   The first number shown is the annual fertilizer derived N2O loss in units of kg N2O-N per year. The second number is the % of N 

applied that is lost as N2O-N. 
 
b    Units are % of N applied that is emitted as N2O-N. 
 
c    Units are cumulative fluxes in g N2O-N ha-1. Fluxes were measured from time of planting to just before harvest (329 days) for 

dryland wheat, from time of planting and fertilization to just before harvest (292 days) for irrigated wheat, and from time of 
fertilization (9 weeks after planting) to just before harvest (97 days) for irrigated corn. 

 
d    Emissions figures were converted from mg N2O-N m-2 yr-1 to g N2O-N ha-1 d-1. 
 
e    Converted from ng N2O-N cm-2 hr-1 to g N2O-N ha-1 d-1 using 2.4 ng N2O-N cm-2 hr-1 per g N2O-N ha-1 d-1. The values were 

read from a graph and are therefore approximate. The series of numbers corresponds to measurements over a summer season, 
with data taken in 1992 on June 11, June 22, June 29, July 6, July 13, August 3, and August 17. 

 
f    The first number is the average daily emission of N2O, followed by the range in daily emissions, during the sampling period 

(which was variable). The next number is the average percentage of fertilizer N that is evolved as N2O for each fertilizer type, 
followed by the range in percentages. The final number is the average percentage of total N that is emitted as fertilizer N2O-N. 

 
g    Numbers correspond to readings 3, 9, 14, 18, 21, 25, 28, 38, and 42 days after fertilizer application. The values were read from a 

graph and are therefore approximate. 
 
h    Units for equation are: kg N2O-N ha-1 yr-1. 
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TABLE  C-2. SUMMARY OF STUDIES OF LEACHING AND EROSION LOSSES OF FERTILIZER 
N 

 
Type of study N losses Source 
Fertilizer N reaching aquifiers 5 – 30% Breitenbeck (in Greene and 

Salt, 1993) 

Carbon and N budgets of fertilized 
and unfertilized plots; estimates of 
leaching losses 

10% from barley 
0% from grass ley 
or N-fixing 
lucerne 

Paustian et al. (1990) 

Fate of N fertilizer applied to energy 
crop systems; estimates of N in 
runoff, groundwater, erosion 

35% from 
sorghum 
15% from 
perrenials, trees 

Perlack et al. (1992) 

IPCC guideline estimates of leaching 
loss of applied fertilizer N 

30% of fertilizer 
and manure N 
0% of crop 
residue, fixed N 

IPCC (1997) 

Accounting of N inputs to Canadian 
agriculture, estimate of N leaching 
loss from fertilizer, manure, 
deposited, and crop-residue N 

10% of inputs Jantzen et al. (2003) 

Relationship between N inputs to 
landscape and riverine export of N in 
Northeast U. S. 

57% of deposited 
N 
8 – 27% of 
agricultural N 

Jaworski et al. (1997) 

Chesepeake Watersheds Model, 
export coefficients for fertilizer N 

9 – 15% of N in Jaworski et al. (1997) 

Measurement of nitrate losses from 
ag. field, estimate of fertilizer N lost 
to erosion, drainage, runoff 

19% of N lost Steinheimer et al. (1998, 
1998a) 

Estimate of leaching, drainage, 
erosion, and run-off losses in four 
countries in Europe 

6%, 23%, 27%, 
36% for four 
countries 

Isermann (1990) 

Nitrogen fluxes in the North Atlantic 
region, estimate of fertilizer, 
combustion, and N-fixation inputs 
that end up in rivers 

23% of inputs 
discharged in 
rivers 

Galloway et al. (1996) 
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TABLE C-2 CONTINUED. 
 
Estimate of fertilizer N leaching from 
agricultural soils 

35% in Europe 
22% in the U. S. 

Howarth et al. (1996) 

Reference to studies of N inputs lost 
to rivers 

20% of inputs lost 
to rivers 

in Howarth et al. (1996)  

Model of N deposition and C 
sequestration 

20% N loss (non-
N-saturated) 
20% + N loss (N-
saturated) 

Holland et al. (1997) 

Account of global flows of N in crop 
production 

22% leaching, 
erosion loss 

Smil (1999) 

Estimate of N input from fertilizer 
and deposition that leaches into 
aquatic systems, worldwide 

30% of N inputs 
to leaches to 
rivers 

Kroeze and Seitzinger 
(1998) 

 
See the text for full details of the studies.  
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TABLE  C-3. N2O FLUXES IN DRAINAGE DITCHES AT DIFFERENT POINTS FROM 
IRRIGATED FIELDS, AND COMPARED WITH SOIL FLUXES 
 
Month Flux at Point 2  

(30 meters) 
(ng N2O/0.1 ha/d) 

Flux at Point 6  
(450 meters) 

(ng N2O/0.1 ha/d) 

Soil  
 

(ng N2O/0.1 ha/d) 

May 13.0 8.5 -- 

June 5.5 2.0 -- 

July 11.0 1.0 -- 

August -- 10.5 16.0 

October 27.5 5.0 5.0 

November 15.0 3.0 5.5 

December 7.5 0.5 0.5 

February 1.0 0.5 0.5 

Average for months 
tested 

11.5 3.9 5.5 

Average for months 
tested 
(g N2O ha-1 yr-1 

 
4.2 x 10-5 

 
1.4 x 10-5 

 
2.0 x 10-5 

 
Source: Minami and Ohsawa (1990). 
 
Notes:  Fertilizer application was 500 kg N ha-1 yr-1. 
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TABLE  C-4. SUMMARY OF STUDIES OF N-NO AND N-NH3 LOSSES FROM FERTILIZER N 
 

Study Losses (% of input) Source 
Fertilizer applied to corn 0.79% N-NO Anderson & Levine (1987) 

Ammonium sulfate applied to 
Bermuda-grass pasture 

3.22% N-NO Hutchinson and Brams 
(1992) 

Tabulation of studies of N-NO/N-
fertilizer rates 

0.5% to 11.0% N-NO 
(authors assume 
4.3%) 

in Stohl et al. (1996) (see 
also Skiba et al. [1997] and 
Sanhuenza [1997]) 

Tabulation of studies of N-NO/N-
fertilizer  rates 

lower bound of 0.5% 
N-NO  

in Veldkamp and Keller 
(1997) 

Heavily fertilized corn field in 
France 

11.3% N-NO 
0.1% N-NH3 

Jambert et al. (1997) 

Estimate of global NH3 emissions 
from fertilizer 

8-10% N-NH3 Matthews (1994) 

Estimate of global NO losses from 
agricultural soils 

not more than 7% of 
N fertilizer input 

Davidson and Kingerlee 
(1997) 

Estimate of global N emissions 10% N-(NOX+NH3) Holland et al. (1999) 

Fertilized pasture at least 8% N-NO, 
long term 

Mosier et al. (1998) 

Citation of studies of N 
fertilization trials with irrigated 
maize 

~ 22% N-
(N2+N2O+NOX) 

in Mosier et al. (2002)  

NO and N2O from fertilized 
tropical soils 

2% N-NO in P-
limited soil 

Hall and Matson (1999) 

Reference to other studies up to 10-20% N-
NOx, tropical soils 

in Holland et al. (1997) 

Fate of N in global agroecosystems 2% N-NO 
8% N-NHX 
4% N-NO from N 
fixed by plants (pre-
industrial) 

Galloway et al. (1995) 

Account of global flows of N in 
crop production in 1990s 

2.4% N-NO 
6.5% N-NH3 

Smil (1999) 
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TABLE C-4 CONTINUED. 
 
Fate of N inputs to Canadian 
agroecosystems 

10% N-
(N2+N2O+NO) 

Janzen et al. (2003) 

Recommended emission factor 10% N-(NOX+NH3) IPCC (1997) 

Studies of deposition specifically:   

N deposition on soils 1.3 to 20% N-NO Skiba et al. (1998) 

Analysis of N added to forests assume 10% N loss 
(gaseous+leachate) 

Nadelhoffer et al. (1999). 

Emissions from forests receiving 
heavy N deposition in Germany 

4% (beech), 20% 
(spruce) N-NO 

Butterbach-Bahl et al. 
(1997) 

 
See the text for full details of the studies.  
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TABLE C-5.  METHANE FLUXES FROM AGRICULTURAL, GRASSLAND, AND FOREST SOILS 
 
Site 
Location 

Fertilizer Type Ecosystem 
Type 

Flux Rate 
(g-C-CH4/ha/d 
unless noted) 

Comments Source 

Niwot Ridge, 
CO 

2500 meters in 
elevation 

Alpine 
vegetation 

Slow release 40-0-0 
Urea nitrogen 

Dry meadow 
fertilized 

Dry meadow 
unfertilized 

Wet meadow 
fertilized 

Wet meadow 
unfertilized 

1.0, 1.4, 1.3, 2.2, 0.9, 0.7, 
4.60a 

2.0, 3.7, 2.9, 4.3, 2.9, 2.65, 
2.6a 

0, 0, 0.1, -0.3, 0, 8.1,         
0.30a 

0, -0.1, 0, 1.2, -0.3, 2.0, -1.0a 

CH4 uptake in dry meadow 
was reduced 52% by 

fertilization. Net CH4 
production was observed in 
both wet meadow plots (the 

difference was not significant) 

Neff et al. (1994) 

Northeastern 
Colorado 

Not specified Pasture, 
grassland, wheat, 

and corn 

Pasture: 

Fertilized: - 4.1  

Unfertilized: - 6.3 

Unfert. wheat:  -1.5 

Grassland:  -2.6 

Irrig. corn field: 

Urea fert.  -0.6 

Urea-inhibit.  -0.3 

Control  -0.6 

Irrig. wheat field: 

Urea fert.  -0.9 

Urea-inhibit. -0.2 

Control  -0.8 

Fertilization and cultivation of 
grasslands both reduced 

methane uptake by 30-50% 

Mosier and Schimel 
(1991)  
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TABLE C-5 CONTINUED. 
 
Near Nunn, 
Colorado 

Ammonium nitrate 
administered at 2.2 g 
N m-2 per year from 

1976 to 1989 

Swale, 

Midslope, 

Wheat, 

Fallow, and 
Grass 

Swale: 
-3.6  Fertilized 

-3.6  Unfertilized 
Midslope: 

-4.1  Fertilized 
-6.3  Unfertilized 

Pasture: 
-3.8  Fertilized 

-5.8  Unfertilized 
Wheat:  -1.3 
Fallow:  -1.8 

Grassland:  -2.6 

Methane uptake was reduced 
by 41% from fertilization in 
annually fertilized plots, but 

no decrease due to 
fertilization in fertile swale 
plots . Results suggest the 
clearing of the grassland 

resulted in a 31% reduction in 
methane uptake, and 

fertilization in an additional 
27% 

Mosier et al. (1991) 

Northeastern 
Colorado 

Urea and urea plus 
nitrification inhibitors 

ECC (20 kg ha-1), 
DCD (10% N), and 

nitrapyrin (0.5 L ha-1) 

Dryland wheat, 
irrigated wheat, 

and irrigated 
corn 

Dryland wheat:b 
-393 Wheat 
-257 Fallow 

Irrigated wheat:b 
-188 Urea alone 
-66 Urea + ECC 

-156 Urea + DCD 
-75 ECC alone 
-185 Control 

Irrigated corn:b 
-43 Urea alone 

-36 Urea  + nitrapyrin 
-25 Urea + ECC 

-45 Control 

Urea fertilization had little 
effect on CH4 uptake for 

irrigated wheat and corn but 
nitrification inhibitors, 

especially ECC, reduced CH4 
uptake by up to 65% 

Bronson and Mosier 
(1993) 
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TABLE C-5 CONTINUED. 
 
Near 
Copenhagen, 
Denmark 

None Spruce forest 

Beech forest 

Riparian 

Coast grassland 

Abandoned farm 

Upland arable 

Drained arable 

-2.5c 

-1.0c 

19.7c 

0.6c 

-2.2c 

-0.6c 

-0.3c 

Methane uptake not 
correlated with inorganic N in 
soils, but uptake tended to be 

higher at uncropped sites 

Ambus and 
Christenson (1995)  

 

Southern 
Scotland 

40 kg/ha N as NH4 
NO3, NaNO3, or 

NH4Cl (also studied 
deposition of 

atmospheric N) 

Spruce forest, 
moors, control 

Spruce forest, 
moors, fertilized 

13 in the “control” soils 
(over 14 days) 

1.6 to 4 in the fertilized 
soils (over 14  days) 

Fertilization reduced CH4 
uptake by about 70-90%, or 

about 10 g-C-CH4/ha/d, and 
increased N2O emissions 

severalfold, over the 14-day 
measurement period 

MacDonald et al. 
(1997) 

Colorado  22 kg-N/ha/yr 
NH4NO3 

fertilized pasture 
and native 

unfertilized 
pasture 

(shortgrass 
steppe) 

- 8.4 (native unfertilized) 

- 5.5 (fertilized) 

Implies about 50 g- CH4/kg-
N-fertilizer. Note that 

measurements were taken in 
1990-1994, and fertilization 
occurred from 1976-1989, so 
results show residual post-

cultivation effects.  

Mosier et al. (1998) 

Denmark and 
Scotland 

None forests at various 
stages of 

succeeding 
cropland 

 ~2 (CH4 oxidation rate) in 
crop land 

1 – 3 (CH4 oxidation rate) 
in new forestsd 

18 – 27 (CH4 oxidation 
rate) in old forestsd 

CH4 oxidation decreased in the 
first five years after 

abandonment, then increased 
from 1 - 3  after five years to 
18 - 27 in the oldest (200-yr) 

forests 

Prieme et al. (1997) 
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TABLE C-5 CONTINUED. 
 
1). Panama 

2). Costa Rica 

none tropical forests 
converted to 

pasture 

1). 1 – 5 (∆ CH4) 

2). 14 (∆ CH4) 

Figures shown are the 
reduction in CH4 oxidation as 

a result of the conversion. 

Keller et al. cited in 
Mosier et al. (1997) 

Midwestern U. 
S. 

1). various 

2). No N 

3). No N 

1). annual crops 

2). poplar crop 

3). recovered forest

1). about – 1.8  

2). – 1.8 

3). – 9.2  

recovered forest oxidized 3.6 
kg CH4/ha/yr more than did 

poplar or annual crops. 

Robertson et al. 
(2000). 

Florida 180 kg-N/ha/yr 
(urea) from Feb. 1987 

to Dec. 1991 

Slash pine 
control 

Slash pine  
fertilized 

-3.6 to -8.4  in “control” 
soils (3 samples in a yr.) 

-0.2 to -1.7  in fertilized 
soils (3 samples in a yr.) 

The difference of 3.4 to 6.7 g-
C-CH4/ha/d implies an 
emission factor of 9-18 g-

CH4/kg-N-fertilizer 

Castro et al. (1994) 

 
a    The values were read from a graph and are therefore approximate. The series of numbers corresponds to measurements over a 

summer season, with data taken in 1992 on June 11, June 22, June 29, July 6, July 13, August 3, and August 17. The original units 
were µmoles CH4 m-2 hr-1; we converted to g CH4-C ha-1 d-1 assuming 24 hours per day.  

 
b    Units are cumulative fluxes in g CH4-C ha-1. Fluxes were measured from time of planting to just before harvest (329 days) for 

dryland wheat, from time of planting and fertilization to just before harvest (292 days) for irrigated wheat, and from time of 
fertilization (9 weeks after planting) to just before harvest (97 days) for irrigated corn. 

 
c    Units were converted from mg CH4-C m-2 yr-1 to g CH4-C ha-1 d-1. 
 
c    Units were converted from µg CH4 m-2 hr-1 to g-CH4-C ha-1 d-1 assuming 24 hours/day.Note that units refer to total oxidation 

rate measured in the soil. 
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TABLE C-6. METHANE UPTAKE REDUCTION AS A FUNCTION OF FERTILIZER 
APPLICATION RATE 
 
 
Crop Type 

 
Conditions 

CH4 uptake 
reduction 

(g-CH4 /kg -N ) 

 
Source 

Grassland/Wheat Swale 
Midslope 
Pasture 
Wheat 

0.0a 
48.9a 
44.5a 
11.1a 

Mosier et al. (1991) 

Alpine meadow Dry 
Wet 

3.77b 
N.A. 

Neff et al. (1994) 

Wheat/Corn Irrigated fields Irrigated wheat: 
-.04 Urea alonec 

1.59 Urea + ECCc 
0.39 Urea + DCDc 

Irrigated corn: 
0.01 Urea alonec 

0.06 Urea + 
nitrapyrinc 

0.12 Urea + ECC 

Bronson and Mosier 
(1993) 

Spruce forest, and 
moorland 

fertilized vs. 
unfertilized fields 

10 - 121d MacDonald et al. 
(1997) 

Pasture fertilized vs. 
unfertilized 

~ 50 (see Table C-5) Mosier et al. (1998) 

Slash pine 
plantation 

fertilized vs. 
unfertilized fields 

9 - 18e Castro et al. (1994) 

Cropped soils in 
Norway 

fertilized vs. 
unfertilized fields 

 ~ 3 - 5 manuree 
~10 NH4NO3 

Hansen et al. in 
Mosier et al. (1997) 

 
a    For the midslope area, the average daily methane flux dropped from 6.3 to 4.1 g CH4-C ha-1 

d-1, resulting in a decline in uptake of 803 g CH4-C ha-1 yr-1. For the pasture, the decline in 
methane flux was from 5.8to 3.8 g CH4-C ha-1 d-1, resulting in a decline in uptake of 730 g 
CH4-C ha-1 yr-1. For the wheat field, the difference between fertilized and fallow plots was 
0.5 g CH4-C ha-1 d-1, resulting in a decline in uptake of 183 g CH4-C ha-1 yr-1. The 
fertilized plots received 2.2 g N m-2 of ammonium nitrate annually. Units were converted 
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from g CH4-C ha-1 yr-1 to g CH4 ha-1 yr-1 using 1.34 g CH4 per g CH4-C (16.04 g per mol. 
for CH4 / 12.01 g per mol. for CH4-C). 

 
b    The fertilized plots received 25 g N m-2 of 40-0-0 Urea nitrogen in 1990 and 1991, and none 

in 1992 when measurements were taken. The mean reduction in methane uptake in the dry 
meadow was reduced from -1.29 µmols CH4 m-2 hr-1 to -0.62 µmols CH4 m-2 hr-1 by 
fertilization. Values were converted from µmols CH4 m-2 hr-1 to g CH4 ha-1 yr-1 using 
1405.1 µmols CH4 m-2 hr-1 / g CH4 ha-1 yr-1. 

 
c    The wheat field received urea fertilization averaging 100 kg N ha-1, plus treatments of urea 

plus encapsulated Ca carbide (ECC) at 20 kg CaC2 ha-1 and urea plus dicyandiamide (DCC) 
at 10% of N application rate. The corn field received 218 kg urea-N ha-1, plus application 
with nitrapyrin at 0.5 L ha-1 and with ECC at 20 kg CaC2 ha-1. Units were converted from g 
CH4-C ha-1 yr-1 to g CH4 ha-1 yr-1 using 1.34 g CH4 per g CH4-C (16.04 g per mol. for CH4 
/ 12.01 g per mol. for CH4-C). 

 
d    The addition of 40 kg-N/ha reduced CH4 uptake by about 13 g/ha/d, over a 14-day period. 

If the reduction in uptake would have lasted for only 30 days, the emission factor would 
have been 10 g-CH4/kg-N-fertilizer. If it would have lasted a whole year, the emission 
factor would have been 120 g-CH4/kg-N-fertilizer.  

  Alternatively, MacDonald et al. (1997) remark that the deposition of some 46 kg-
N/ha/yr at a high forest site might have reduced the methane uptake by 50%. They 
estimate that the uptake at the site was 0.7 kg-CH4/ha/yr, which implies that the 
deposition reduced uptake by 0.7 kg-CH4/ha/yr, or 15 g-CH4/kg-N.  

 
e    See Table C-5.  
 
f     Mosier et al. (1997) report findings from Hansen et al.: in µg C-CH m-2 h-1 oxidation rate: 9.7 

for unfertilized soils, 5.9 for soil fertilized with 81 kg N ha-1 cattle excrement slurry 
(manure), 5.1 for soil fertilized with 189 kg N ha-1 cattle excrement slurry (manure), and 5.7 
for soil fertilized with 140 kg ha-1 NH4NO3. We assume that the N applications are annual 
amounts, and that the CH4 oxidation rate is sustained over the year.  
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TABLE C-7.  NET GAINS IN SOIL AND TREE CARBON PREDICTED FOR AFFORESTATION 

PROJECTS (TONS C HA-1 [KG-C/M2 SHOWN IN PARENTHESES]) 
 
Location/Species/Site  Initial C 

content 
C content at 

age 55 
Net C 

increase 

Southern pine plantation 
on cropland 

Trees 

Soil 

Total 

0 (0) 

25 (2.3) 

25 (2.3) 

157 (14.2) 

 74 (6.7) 

231 (21.0) 

157 (14.2) 

49 (4.4) 

206 (18.7) 

Lake States pine plantation 
on cropland 

Trees 

Soil 

Total 

0 (0) 

54 (4.9) 

54 (4.9) 

208 (18.9) 

119 (10.8) 

327 (29.7) 

208 (18.9) 

65 (5.9) 

273 (24.8) 

Northeast spruce/fir 
plantation on cropland 

Trees 

Soil 

Total 

0 (0) 

61 (5.5) 

61 (5.5) 

70 (6.3) 

146 (13.2) 

216 (19.6) 

70 (6.3) 

85 (7.7) 

155 (14.1) 

Northeast spruce/fir 
planting on cutover forest 

Trees 

Soil 

Total 

9 (0.8) 

161 (14.6) 

170 (15.4) 

72 (6.5) 

161 (14.6) 

233 (21.1) 

63 (5.7) 

 0  (0) 

63 (5.7) 
 
Source:  Sampson (1995). Converted to kg-C/m2 by multiplying by 0.091.  
 




